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computer, dat arme ding voert toch echt uit wat jij hem opdraagt! 
Zonder een heleboel andere mensen was dit proefschrift zeker zo geworden als het het 
nu is. Sterker nog, waarschijnlijk was het een stuk sneller af geweest, of dubbel zo dik! 
Maarja, wat zou het dan een saaie tijd geweest zijn!
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computer moest blijven. Daarom was het iedere juni weer heerlijk om er even uit te mogen 
om het Spanje veldwerk te begeleiden. Cees en de rest van het team, bedankt! Sierra 
de las Cabras es el mejor! Ook de Ardennen met Frank en team was genieten. Bernd, 
voorlichting was een leuke afwisseling, en bedankt dat je mij naar voren schoof voor het 
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Samenvatting / Dutch summary
Het karakter en de oorzaken van het 8.2 ka klimaatevent:
Een vergelijking van resultaten van een gekoppeld klimaatmodel en 
paleoklimaatreconstructies
Het zogenaamde “8.2 ka klimaatevent” is de meest opvallende koude periode sinds de 
laatste ijstijd in het gebied rond de Noord Atlantische Oceaan. Zoals de naam al doet 
vermoeden vond het event 8.2 duizend jaar geleden plaats, en het duurde ongeveer 150 
jaar. Dit is in het begin van de relatief stabiele en warme periode waarin we nu leven, 
het Holoceen. De meest gangbare hypothese voor de oorzaak van het klimaatevent is het 
plotselinge leegstromen van gigantische smeltwatermeren (de z.g. Laurentide meren) die 
zich hadden verzameld voor de restanten van de Laurentide IJskap op Noord Amerika. 
Deze ijskap was een erfenis van de laatste ijstijd. Het zoete smeltwater zorgde voor een 
sterke verzoeting van het oppervlak van de Noord Atlantische Oceaan en daarmee voor een 
afname van de dichtheid van de bovenste waterlaag. In de Atlantische Oceaan had dit een 
verzwakking van de noordwaartse oceaanstroming tot gevolg, aangezien deze stroming 
deels aangedreven wordt door het zinken van koud en zout oppervlaktewater naar de 
diepzee (z.g. diepwatervorming). Deze noordwaartse stroming en de diepwatervorming 
maken deel uit van de thermohaliene circulatie, een belangrijk onderdeel van de mondiale 
oceaancirculatie. Een belangrijk gevolg was een afname van noordwaarts oceanisch 
warmtetransport en een afkoeling en verdroging in de Noord Atlantische regio. Buiten 
de Noord Atlantische regio is het 8.2 ka klimaatevent onder andere ook zichtbaar 
als een verdroging in moessongebieden. Ook tijdens de laatste ijstijd waren er grote 
klimaatveranderingen die samenvallen met een verzoeting van de Atlantische Oceaan, 
waarschijnlijk door grote uitbraken van ijsbergen.  
Wanneer en waar het 8.2 ka klimaatevent plaatsvond en wat de waarschijnlijke 
oorzaak is, weten we uit reconstructies. Het klimaat uit het verleden, het paleoklimaat, 
kan gereconstrueerd worden door het vertalen van informatie die ligt opgeslagen in 
geologische archieven. Bij deze archieven kan bijvoorbeeld gedacht worden aan ijskernen, 
boomringen, stalagmieten en sedimentkernen uit oceanen en meren. Hieruit kan het milieu 
worden geconstrueerd door te kijken naar bijvoorbeeld fossiele plantenresten, chemie, 
assemblages van microfossielen of gehalte ingeblazen stof. Tijdens het 8.2 ka klimaatevent 
laten veel milieuindicatoren een verandering zien, zoals de vondst van resten van planten 
die nu in koudere gebieden voorkomen, duidend op een afkoeling, terwijl een hoger gehalte 
aan ingeblazen stof duidt op hardere wind en/of minder vegetatie. Het gereconstrueerde 
milieu kan op deze manier gebruikt worden als een indicator voor het klimaat. Ook kan 
bijvoorbeeld uit de chemie van fossiele algen worden afgeleid dat het oceaanwater zoeter 
was ten tijde van het 8.2 ka klimaatevent en uit oude stranden kan gereconstrueerd worden 
wat de grootte van de Laurentide meren was. 
Paleoklimaten zoals het 8.2 ka klimaatevent kunnen ook met een computer 
gesimuleerd worden met behulp van numerieke klimaatmodellen. Deze klimaatmodellen 
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zijn ontworpen om de reactie van het klimaatsysteem op een verstoring te onderzoeken, en 
kunnen op die manier onder andere inzicht geven in de oorzaken van klimaatveranderingen. 
Ze variëren in complexiteit van eenvoudige 1-dimensionale modellen om afzonderlijke 
processen in het klimaatsysteem te begrijpen tot uitgebreide 3-dimensionale gekoppelde 
atmosfeer oceaan algemene circulatie modellen waarmee interacties van verschillende 
componenten in het klimaatsysteem kunnen worden onderzocht. Om het klimaat uit 
het verleden zo goed mogelijk te reconstrueren is het ten eerste noodzakelijk om in het 
klimaatmodel het aardoppervlak en de achtergrond-omstandigheden uit de betreffende 
periode zo goed mogelijk in het model te representeren. Hierbij moet gedacht worden 
aan restanten van ijskappen en de stand van de aarde ten opzichte van de zon. Met deze 
randvoorwaarden wordt het model gedraaid zodat het referentieklimaat uit een bepaalde 
wordt gesimuleerd. Vervolgens kan de invloed van een hypothetische verstoring op het 
referentieklimaat uit de periode worden onderzocht. In deze studie simuleren we het 8.2 
ka klimaatevent met het ECBilt-CLIO-VECODE  klimaatmodel. een relatief eenvoudig 
3-dimensionaal model bestaande uit gekoppelde modules voor de atmosfeer, oceaan en 
terrestrische vegetatie. Als verstoring gebruiken we een puls zoetwater die het leegstromen 
van de meren voorstelt.
Zoals de titel van het proefschrift al aangeeft worden in deze studie het karakter 
en de oorzaken van het 8.2 ka klimaatevent onderzocht. Maar waarom is het belangrijk 
om het karakter en de oorzaken van een klimaatevent in het verleden te onderzoeken? Het 
korte algemene antwoord op deze vraag is: Als we klimaatveranderingen uit het verleden 
niet begrijpen, kunnen we onmogelijk goede voorspellingen doen over toekomstige 
klimaatveranderingen. Het lange antwoord is iets gecompliceerder. Klimaatveranderingen 
uit het verleden kunnen belangrijke informatie geven over de gevoeligheid van het 
klimaatsysteem. Het klimaatsysteem omvat de atmosfeer, oceaan, land- en zeeijs, het 
landoppervlak en de biosfeer. Deze componenten zijn nauw met elkaar verbonden. Een 
verandering in één van de componenten leidt dus tot veranderingen in de andere componenten. 
Een klimaatverandering is een verstoring in het klimaatsysteem. Als het karakter van 
een klimaatverandering bekend is, en de verstoring die tot de klimaatverandering heeft 
geleid, kan de gevoeligheid van het klimaatsysteem beter worden begrepen. Het 8.2 ka 
klimaatevent biedt ons in dit geval gelegenheid om de gevoeligheid van de oceaan op een 
verstoring door zoet water beter te begrijpen. Hiermee kunnen vervolgens klimaatmodellen 
worden gevalideerd die gebruikt worden voor klimaatvoorspellingen.
De gevoeligheid van de thermohaliene circulatie voor een verzoeting is slecht 
bekend. Toch is juist deze gevoeligheid essentieel voor voorspellingen van de gevolgen 
van het versterkte broeikaseffect op het klimaat. Er zijn namelijk veel indicaties dat 
de Atlantische Oceaan verzoet bij een opwarming, o.a. door vergrote rivierafvoer van 
Siberische rivieren en het afsmelten van landijskappen zoals op Groenland en een toename 
van neerslag boven de Atlantische Oceaan. Door de onzekerheid in de gevoeligheid op 
deze verzoeting laten klimaatvoorspellingen met grote uitgebreide klimaatmodellen een 
grote spreiding zien in de sterkte van de thermohaliene circulatie als respons op een 
toenemend gehalte aan broeikasgassen in de atmosfeer. Dit kan grote invloed hebben op 
regionale voorspellingen van de klimaatverandering in de gebieden rond de Atlantische 
Oceaan, zoals West-Europa, maar ook voor gebieden die afhankelijk zijn van de jaarlijkse 
Samenvatting / Dutch summary
15
moesson.
Het 8.2 ka klimaatevent lijkt een ideale kandidaat om als analoog voor een 
toekomstige verzoeting van de Noord Atlantische Oceaan te worden gebruikt, omdat het 
aan een aantal belangrijke voorwaarden voldoet. Zo zijn er goede schattingen van het 
smeltwatervolume dat in de Atlantische Oceaan is gestroomd en vond het event relatief 
kort geleden plaats in een klimaat dat vergelijkbaar was met het huidige klimaat. Hierdoor 
kenmerkt het event zich als een duidelijke piek in een aantal klimaatreconstructies, 
waardoor de klimaatveranderingen die samenhangen met het 8.2 ka klimaatevent goed 
in kaart kunnen worden gebracht. Het feit dat het event relatief kort geleden gebeurde 
verkleint ook problemen met chronologie in de klimaatreconstructies. Toch zijn er nog 
veel open vragen rond de specifieke omstandigheden waarbij het 8.2 ka klimaatevent 
kon gebeuren en rond de klimaatimpact die het event had op verschillende gebieden. In 
deze studie onderzoeken we de specifieke omstandigheden en de klimaatimpact door 
paleoklimaatreconstructies van het 8.2 ka klimaatevent te vergelijken met resultaten van 
modelexperimenten. Het  inzicht in het karakter en de oorzaken van het 8.2 ka klimaatevent 
dat op die manier wordt verkregen is essentieel om het event te gebruiken als analoog voor 
de gevoeligheid van de thermohaliene circulatie. 
Het onderzoek naar het karakter en de oorzaken van het 8.2 ka klimaatevent in dit 
proefschrift is gestructureerd volgens de volgende onderzoeksvragen:
1. Wat is de geografische verspreiding van het 8.2 ka klimaatevent, en in hoeverre 
komt deze verspreiding overeen met simulaties van het 8.2 ka klimaatevent met 
een gekoppeld klimaatmodel waarin een zoetwater puls is geïntroduceerd?
 (Hoofdstuk 2)
2. Wat is de invloed van het volume en de duur van het leegstromen van de Laurentide 
meren op de thermohaliene circulatie, en wat is de invloed van smeltwater van de 
Laurentide ijskap op de reactie van de oceaancirculatie?
 (Hoofdstuk 3)
3. Hoe is het 8.2 ka klimaatevent gekarakteriseerd in het klimaatmodel in termen van 
grootte, duur, en timing? 
 (Hoofdstuk 4)
4. Wat is de potentiële invloed op het 8.2 ka klimaatevent van ijsbergen en van het               
leegstromen van de Laurentide meren in twee fasen?
 (Hoofdstuk 5)
Deze onderzoeksvragen worden behandeld in hoofdstukken 2 t/m 5. Voor het vervolg 
van deze samenvatting is ook deze hoofdstukindeling van het proefschrift aangehouden. 
Hoofdstuk 6 is een synthese en is niet samengevat.
Geografische verspreiding van het 8.2 ka klimaatevent (Hoofdstuk 1)
Door de gepubliceerde proxy-data die het 8.2 ka klimaatevent registreren te combineren is de 
geografische verspreiding van het 8.2 ka klimaatevent in kaart gebracht. Het gecombineerde 
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bewijs voor het event suggereert dat het 8.2 ka klimaatevent is gekarakteriseerd als een koele 
periode in oostelijk Noord-Amerika, Groenland, Scandinavië, Europa en de Middellandse 
Zee. Droge condities heersten in Europa, Groenland, Noord Afrika, de Middellandse Zee, 
Oost-Azie en het Caribische gebied. Er is weinig overtuigend bewijs uit het Zuidelijk 
Halfrond voor het 8.2 ka klimaatevent, ook al zijn er aanwijzingen voor een opwarming. 
Opvallend is dat alle bewijs uit het Alpengebied een natte periode registreert. Ondanks dat 
er onzekerheden blijven in de interpretatie van proxy-data en hun chronologie, suggereert 
het grote aantal archieven die opvallende veranderingen weergeven rond het 8.2 ka 
klimaatevent dat de gereconstrueerde geografische verspreiding robuust is.
De gereconstrueerde geografische verspreiding van het 8.2 ka klimaatevent komt 
vrij goed overeen met gepubliceerde resultaten van simulaties met versie 2 van het 
gekoppelde klimaatmodel ECBilt-CLIO. In dit model is het 8.2 ka klimaatevent gesimuleerd 
door een volume van 4.3 x 1014 m3 zoetwater gedurende 20 jaar in de Labrador Zee te 
introduceren. De overeenkomsten tussen het gereconstrueerde event en het gesimuleerde 
event ondersteunen de hypothese dat het 8.2 ka klimaatevent is veroorzaakt door het 
leegstromen van de meren. Andere mogelijke oorzaken, zoals variaties in zonneactiviteit 
of vulkaanuitbarstingen, zouden een andere typische verspreiding weergeven.
Omstandigheden die bijdroegen tot het 8.2 ka klimaatevent
Om het 8.2 ka event te gebruiken als validatie voor klimaatmodellen, is het belangrijk om 
de exacte omstandigheden die bijgedragen hebben aan het 8.2 ka klimaatevent te weten. 
Daarom zijn met versie 3 van het ECBilt-CLIO-VECODE gekoppelde klimaatmodel 
de relatieve bijdragen van het volume en de duur van het leegstromen van het meer 
onderzocht. Bovendien is de invloed van smeltwater van de afkalvende Laurentide ijskap 
op het 8.2 ka klimaatevent geevalueerd. 
De experimenten tonen aan dat het volume de belangrijkste factor is in de evolutie 
van het 8.2 ka BP event. De duur van het leeglopen van de meren heeft nauwelijks invloed, 
in ieder geval niet in het bereik van de geschatte leeglooptijd van de meren. Experimenten 
waarbij rekening werd gehouden met smeltwaterafvoer van de afkalvende Laurentide 
ijskap laten een stopzetting zien van diepe oceaanconvectie in de Labrador Zee in het 
vroeg Holocene klimaat. Dit is in overeenstemming met reconstructies van de Labrador 
Zee oceaanconvectie. Toevoeging van zoetwater als gevolg van het leegstromen van de 
Laurentide meren in dit referentieklimaat met smeltwater van de Laurentide ijskap lijdt 
vervolgens tot een langere klimaatverandering in vergelijking met identieke scenario’s 
waarin geen rekening is gehouden met het afsmelten van de ijskappen. 
Deze resultaten betekenen dat - om het 8.2 ka klimaatevent te gebruiken voor 
validatie van klimaatmodellen - het belangrijk is om het volume van de leeggestroomde 
Laurentide meren zo goed mogelijk te reconstrueren. Bovendien is het belangrijk om het 
afsmelttempo van de Laurentide ijskap goed te representeren in de simulatie experimenten, 
omdat deze de snelheid van herstel van de oceaancirculatie sterk kan beïnvloeden. 
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Het karakter van het 8.2 ka klimaatevent in een klimaatmodel
Voor de interpretatie van klimaatreconstructies van het 8.2 ka klimaatevent uit proxy-
archieven is het belangrijk om te begrijpen hoe een dergelijk klimaatevent evolueert in 
ruimte en in tijd. Er is nauwelijks onderzocht of klimaatevents overal tegelijk plaatsvindt 
of dat het event in verschillende gebieden zich later voordoet, en in het laatste geval, op 
welke tijdschalen dat voorkomt. Ook is het onduidelijk of de duur van een klimaatevent 
overal even lang is. 
Simulaties met klimaatmodellen lenen zich uitstekend om dergelijke vraagstellingen 
te onderzoeken. Echter, de meeste modelstudies naar klimaatevents presenteren de 
resultaten als de anomalie over een vaste tijdspanne ten opzichte van het referentieklimaat 
waardoor over de timing en over de duur van het klimaatevent niks kan worden gezegd. 
Om te onderzoeken hoe het 8.2 klimaatevent evolueert in ruimte en tijd hebben we een 
innovatieve analysemethode ontwikkeld. Met deze methode kunnen uitspraken worden 
gedaan over de geografische spreiding van het event , maar ook over timing, duur en 
magnitude van het 8.2 klimaatevent zoals het mogelijk in proxy-archieven geregistreerd 
zou kunnen worden. De methode passen we vervolgens toe op de resultaten van de 
oppervlaktetemperatuur uit klimaatmodel experimenten uit het voorgaande hoofdstuk, 
waarvan de gesimuleerde temperaturen in centraal Groenland het beste overeenkwamen 
met de gereconstrueerde temperaturen uit de Groenlandse ijskernen. 
De resultaten van de analyse laten zien dat het event in de modelresultaten wordt 
gekarakteriseerd als een afkoeling voornamelijk in Groenland, de Noordelijke IJszee, het 
Noord Atlantische gebied en aangrenzende landen in het oosten en het Middellandse Zee 
gebied. Gebieden in het zuidelijk halfrond laten een lichte opwarming zien. Een opvallend 
resultaat is dat na de afkoeling in het Noord Atlantisch gebied een lichte opwarming te zien 
is. De afkoeling die ontstaat na het introduceren van zoetwater in het model, ontwikkelt 
zich tijdstransgressief en vertragingen in de orde van tientallen jaren zijn zichtbaar. Ook 
de duur van de afkoeling is variabel over het gebied van impact, met maximale duur in het 
Noord-Atlantisch gebied afnemend richting de randen van impact.
Deze resultaten leveren nieuwe inzichten over abrupte klimaatevents, en kunnen 
helpen verklaren waarom het 8.2 ka klimaatevent niet is geregistreerd op bepaalde locaties. 
De methode is veelbelovend en kan gebruikt worden bij het opsporen van de typische 
respons van het klimaatsysteem op een bepaalde forcering. 
De invloed van ijsbergen en leegstromen van de Laurentide meren in 
twee fasen op het 8.2 ka event
Er is veel bewijs dat ijsbergen waarschijnlijk een grote rol hebben gespeeld bij grote 
abrupte klimaatveranderingen tijdens de laatste ijstijd. Ook bij het 8.2 klimaatevent moet 
veel zoetwater in de vorm van ijsbergen in de Atlantische Oceaan zijn gekomen tijdens 
het catastrofale leegstromen van de Laurentide meren en het doorbreken van de ijsdam 
die de meren tegenhield. Een lozing ijsbergen verschilt van een lozing zoetwater doordat 
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ijsbergen het smeltwater distribueren tijdens het afsmelten en de oppervlakteoceaan 
afkoelen door latente smeltwarmte. 
Om deze effecten van ijsbergen te onderzoeken hebben we een dynamische 
ijsbergen module in het ECBilt-CLIO-VECODE klimaatmodel ingebouwd. Met dit 
model introduceren we een lozing ijsbergen in de Labrador Zee, en we vergelijken de 
resultaten met een experiment waarin hetzelfde volume zoetwater in het model wordt 
geïntroduceerd met een soortgelijk experiment met alleen ijsbergen. De resultaten laten 
zien dat de ijsbergen leiden tot een grotere uitbreiding van het zeeijs-oppervlak en een 
sterkere afname van de thermohaliene circulatie. Dit leidt ook tot lagere temperaturen in 
Groenland. De oorzaak is een uitbreiding van het zeeijs-oppervlak dat diepwatervorming 
tegenwerkt omdat de warmteuitwisseling tussen de oceaan en de atmosfeer afneemt en 
omdat het zeeijs bij afsmelten de oppervlakteoceaan verzoet. 
Deze resultaten betekenen dat het leegstromen van de Laurentide meren samengaand 
met een lozing ijsbergen een sterkere afkoeling veroorzaken dan het leegstromen van de 
meren alleen. Ook laten deze resultaten zien dat het belangrijk is om met de effecten van 
ijsbergen rekening te houden in modelexperimenten naar smeltwater events tijdens de 
laatste ijstijd, met name met het afkoelende effect.
Behalve een rol voor ijsbergen, laten een aantal reconstructies zien dat de 
Laurentide meren mogelijk in twee fasen zijn leeggestroomd. Ook is er gesuggereerd 
dat het leegstromen in twee fasen een deel van de klimaatveranderingen vlak voor het 
8.2 ka klimaatevent kan verklaren. Het leegstromen in twee fasen van de meren testen 
we ook in het ECBilt-CLIO-VECODE klimaatmodel. Aangezien de tweede afwatering 
waarschijnlijk gepaard ging met het doorbreken van de ijsdam, vergezellen we de tweede 
afwatering met een volume ijsbergen met het geschatte volume van de ijsdam. 
Het introduceren in ons klimaatmodel van zoetwater in twee fasen, de tweede 
gecombineerd met een lozing ijsbergen, resulteert in een korte afkoeling in het Noord-
Atlantisch gebied, gevolgd door een afkoeling die vergelijkbaar is met het 8.2 klimaatevent. 
Deze opeenvolging van een kleine afkoeling gevolgd door het 8.2 klimaatevent is ook 
waargenomen in een aantal klimaatreconstructies rond de Noord Atlantische Oceaan. 
Eerder zijn deze lichte afkoelingen voorafgaand aan het event onder andere toegeschreven 
aan een afname in zonneactiviteit. Het leegstromen van de Laurentide meren in twee fasen 
geeft ook een goede verklaring voor deze afkoeling.
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Chapter 1
Introduction
1.1 Background
Understanding past natural climate changes is essential for predicting future climate 
change. Due to present human induced global warming this has become a crucial issue. 
The effect of the increased concentrations of greenhouse gasses in the atmosphere on 
temperatures is well understood (IPCC AR4: Forster et al., 2007), but the exact response 
of several internal feedback mechanisms of the climate system to the warming remains 
uncertain. For example, the behaviour of large ice-sheets in a warming world is hard 
to predict (Vaughan and Arthern, 2007), as is the response of ocean circulation in the 
North Atlantic (IPCC AR4: Meehl et al., 2007). These two examples are also highly 
interdependent, which clearly shows the problem of predicting climate: the climate system 
is complex system consisting of a web of entangled positive and negative feedbacks. 
 Detailed climate reconstructions from the last glacial period (from ~116.000 
years BP to 11.500 years BP) show a series of abrupt climate changes (Fig. 1.1). The most 
dramatic of these changes were the Dansgaard-Oeschger events that are characterized 
by warming of 8ºC to 16ºC within several decades in Greenland, followed by much 
slower cooling over centuries (Masson-Delmotte et al., 2005). Another type of abrupt 
change concerns the Heinrich events, centennial scale periods of sea-surface cooling and 
reduced sea-surface salinity (Bond et al., 1993) that are characterized by large discharges 
of icebergs in the North Atlantic (Hemming, 2004). At the end of the last glacial, as the 
climate warmed and ice sheets melted, climate went through a number of abrupt cold 
phases, notably the Younger Dryas and the 8.2 ka event (IPCC AR4: Jansen et al., 2007). 
Many features of these abrupt changes cannot yet be fully explained (e.g. Jansen et al., 
2007).
 The pattern of abrupt climate changes illustrates that the climate system is 
highly non-linear, suggesting the presence of critical thresholds (e.g. Rial et al., 2004). 
If such a threshold is crossed, the climate system abruptly flips into a different state. As 
anthropogenic changes presently push the climate system into a direction that has not 
occurred in the last several millions of years, it is essential to know the sensitivity of 
the various feedback systems in climate. Therefore, the aim of many climate studies is 
to improve our understanding of the mechanisms that drive the Earth’s climate, both by 
investigating past climate changes and by studying modern processes.
Because many of these critical thresholds appear to be connected to ocean circulation, 
and more specifically to the thermohaline circulation (Fig. 1.2) (e.g. Broecker et al., 1985; 
Stocker, 2000), one of the greatest challenges in climate research is to understand the 
sensitivity of the ocean circulation to perturbations. Currents in the thermohaline circulation 
carry water that has warmed in the tropics to the North Atlantic Ocean, thereby releasing 
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heat and moisture to the atmosphere. When they reach high latitudes, these waters have 
cooled and increased in salinity, both making the surface waters denser. The cold and salty 
water sinks and is transported southwards at great depths. Together with the wind driven 
surface currents, this circulation is collectively referred to as the Meridional Overturning 
Circulation (MOC).
Global warming could hamper formation of the return flow by reducing the density 
of the surface waters, for instance by an increase in meltwater from the Greenland ice-
sheet, higher discharge from Arctic rivers by changed rainfall patterns, changes in sea-ice 
cover and by changes in surface heat flux (e.g. Peterson et al., 2002; Gregory et al., 2005). 
These processes could shift, weaken or even shut down the ocean circulation, resulting 
in less heat flux northwards. Therefore, a reduction in strength of the thermohaline 
circulation associated with increasing greenhouse gasses represents a negative feedback 
for the warming in and around the North Atlantic. Nevertheless, most models simulating a 
decrease in thermohaline circulation strength show a warming over Europe implying that 
Figure 1.2: Surface currents and deep currents in the North Atlantic that form a portion of the Me-
ridonal Overturning Circulation. The light grey lines represent the surface currents carrying warm 
water northwards; darker lines represent the cold southward flowing deep ocean currents and cold 
surface current (East Greenland Current). Deep water formation occurs in the Greenland Sea and 
Norwegian Sea and in the Labrador Sea (Illustration kindly provided by Jack Cook, Woods Hole 
Oceanographic Institution).
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greenhouse warming is overwhelming the cooling effect of a reduced northward oceanic 
heat transport (Gregory et al., 2005).
To assess their ability to predict future climate changes, climate models need 
to be validated against past climate changes. In particular, they need to be able to test 
their ocean circulation responses to climate change. The need for tuning ocean response 
is illustrated by the future projections of the strength of the North Atlantic MOC as a 
function of increasing anthropogenic greenhouse gasses in the recent IPCC 4th Assessment 
Report which show an extremely large spread of outcomes in ocean circulation, ranging 
from a reduction by 50% or more by 2100 to no change at all (Fig. 1.3) (Meehl et al., 
2007; Schmittner et al., 2005). Finding a period that is suitable for the validation of the 
climate model sensitivity to freshwater perturbations as analogue for the current predicted 
freshening of the North Atlantic Ocean is difficult because this period has to meet certain 
requirements. As explained in the next section, the “8.2 ka event” meets many of the 
requirements for such a period and may therefore be an ideal case study for model-data 
comparison (Schmidt and LeGrande, 2005).
1.2 The 8.2 ka event
The “8.2 ka event”, centered around 8200 calendar years before present (BP), is the most 
pronounced Holocene climate event in the Greenland ice core records (Fig. 1.4) (Alley et 
al., 1997). In these records the event is characterized by a pronounced ~160 year cooling 
(Thomas et al., 2007) of up to ~3.3 +/- 1.1ºC (Kobashi et al., 2007), coinciding with 
a decrease in ice accumulation rate, increasing wind speeds and a drop in atmospheric 
methane concentrations (Alley et al., 1997). The event is also recorded in many other 
terrestrial and marine proxy archives in the North Atlantic region (e.g. von Grafenstein et 
al., 1998; Klitgaard-Kristensen et al., 1998) and areas influenced by monsoons (Fleitmann 
et al., 2007), suggesting at least a semi-global impact of the event. 
Figure 1.3: Evolution of the Atlantic Meridional Overturning Circulation (MOC) at 30ºN with the 
suite of comprehensive coupled climate models from 1900 to 2100 (Meehl et al., 2007). The black 
vertical bars on the left illustrate the observed late-20th century estimates of the MOC.
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The event is hypothesized to be related to a weakening in the North Atlantic 
thermohaline circulation (Alley et al., 1997), triggered by the final catastrophic drainage 
of the Laurentide Lakes (Lake Agassiz and Ojibway) at around 8470 cal. years BP (Barber 
et al., 1999) which had formed in front of the melting Laurentide ice sheet (Fig. 1.5). The 
fresh water from the lakes sufficiently freshened the North Atlantic surface waters, thereby 
inhibiting deep ocean convection and reducing associated northward oceanic heat flux. 
The 8.2 ka event is often seen as an analogue for a future freshening of the North 
Atlantic Ocean and could serve as a test-case for sensitivity of ocean circulation to 
freshwater perturbations in climate models. As such, it has several advantages above other 
climate events (Schmidt and LeGrande, 2005):
There is a likely hypothesis for the cause of the event: the catastrophic drainage of 
the Laurentide Lakes (Barber et al., 1999).
The cause is quantifiable in terms of the estimated volume of freshwater in the 
lakes, that is 1.63 * 1014 m3 (Leverington et al., 2002) (equivalent to 0.45 m rise in 
global sea-level!!) probably draining within a year (Barber et al., 1999; Clarke et 
al., 2004).
The ocean response to the perturbation is potentially significant.
The lake outburst took place in a climatological setting that is close to modern 
climate in terms of global boundary conditions which is essential for realistically 
simulating the event with fully coupled GCMs (glacial climate is still not well 
modelled). The early Holocene is characterized by only remnant ice sheets 
with interglacial greenhouse gas concentrations and annual mean temperatures 
comparable to present day. 
The event occurred relatively recently in a stable period which reduces dating 
uncertainties and improves identification of the event. In addition, many high-
resolution climate reconstructions are available from this period, making it possible 
to map the geographical distribution of the event. 
The duration of the event is short enough to be simulated with comprehensive and 
highly demanding computer models that are used for climate predictions.
●
●
●
●
●
●
0 2000 4000 6000 8000 10000
-37
-36
-35
-34
-33
d
18
O
 (‰
)
Age (years BP) 
8.2 ka event
Figure 1.4: Bidecadal oxygen isotope profile of the GISP2 ice core for the last 10.000 years (Stuiver 
et al., 1997). The 8.2 ka event is shaded.
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1.3 Objectives
The main objective of this study is to gain a better understanding of the character and causes 
of the 8.2 ka event. To address this main research objective, I formulated the following 
key research questions. These research questions cover both palaeoclimate reconstruction 
and climate modelling experiments. They will be examined one by one in the subsequent 
chapters of this thesis, and summarized in Chapter 6.1. 
1. a) What is the geographical distribution of the 8.2 ka event as recorded in proxy-
archives and what is the climate expression at different geographical locations?
 b) How does the distribution observed in proxy-archives compare to modelling 
results from Renssen et al. (2001; 2002) in which a freshwater pulse is released into 
the Labrador Sea to simulate the 8.2 ka BP event? 
 (Chapter 2)
2. a) What is the influence of the volume and the duration of the freshwater discharge 
from the Laurentide Lakes on the ocean circulation response in simulations of 8.2 
ka event?
 b) What is the influence of meltwater from the background melting of the Laurentide 
ice sheet on the response of overturning circulation in addition to the freshwater 
discharge?
 (Chapter 3)
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Figure 1.5: Configuration of the Laurentide Lakes and the Laurentide ice sheet, just before the lakes 
drained (Dyke, 2003). The arrow indicates the drainage direction of the lakes.
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3. How is the simulated 8.2 ka event characterized in terms of spatial variations in 
magnitude, timing and duration of the temperature response?
 (Chapter 4)
4. a. What was the potential role of icebergs from the decaying Laurentide ice sheet 
in the 8.2 ka event?
 b. Can a two-stage lake drainage of the Laurentide Lakes explain oceanic and 
atmospheric events observed in climate reconstructions in the North Atlantic 
area?
 (Chapter 5)
1.4 Research strategy
Over the years, numerous studies have recognized the 8.2 ka event in palaeoclimatic 
reconstructions. Variability of climate in these studies is reconstructed by using proxy 
data from natural archives of climate variability such as ice cores, marine sediment cores, 
fossil pollen, tree-rings, lake sediments and speleothems. Most of these studies reconstruct 
climate and environment at an individual site, without placing it in a regional context. This 
thesis combines published climate reconstructions that recognize the 8.2 ka event in order 
to map the geographical distribution and character of the event, and places these local 
climate reconstructions into a regional to global context. Furthermore, the potential causes    
of the 8.2 ka event are investigated with a numerical climate model. Such models are 
simplifications of reality, designed to provide insight into how the climate system responds 
to changes. They are available in a spectrum of complexity ranging from one-dimensional 
energy balance models to comprehensive three-dimensional General Circulation Models 
(GCMs) (Claussen et al., 2002). Depending on the nature of questions asked and the 
associated time scales, every model has its function. In this thesis the ECBilt-CLIO-
VECODE coupled climate model is used to perform simulations of the 8.2 ka event. 
The model is an Earth system Model of Intermediate Complexity (EMIC), which is in 
the middle of the spectrum of climate models (Claussen et al., 2002). It simulates the 
interactions among several components of the climate system and on the other hand it is 
simple enough to run long-term climate simulations over several thousands of years. It is 
also suitable for running multiple repetitions of experiments with slightly different initial 
conditions (ensembles) to assess the sensitivity.
The simulations are made as realistically as possible by using reconstructed 
estimates of background climate conditions around the 8.2 ka event. These include for 
example the extent of the Laurentide ice sheet in the early Holocene, the melting rate of 
the ice sheet and the concentration of atmospheric greenhouse gasses reconstructed from 
air bubbles in ice cores. In addition, the model is forced with quantitative estimates of the 
relevant forcing variables for the 8.2 ka event, such as the volume of the Laurentide Lakes 
that drained and the duration of this drainage period. 
By varying different forcing variables and background climate conditions, the 
climate model simulations also provide insight into the relative importance of variables in 
producing the 8.2 ka event. Information from these experiments improves our understanding 
of the climate event, and of early Holocene climate sensitivity. 
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1.5 Previous modelling on the sensitivity of the thermohaline 
circulation
The first modelling study that provided insight into the stability of the thermohaline 
circulation was performed with a simple 2-box model (Stommel, 1961). In this model, 
consisting of two tanks connected by pipes, with circulation driven by differences of 
density due to both temperature and salinity, two equilibria were present, suggesting that 
the system can produce two different modes of circulation. Later, Manabe and Stouffer 
(1988) demonstrated that such multiple equilibria were also present in a comprehensive 
coupled ocean – atmosphere model. Since then, many studies have reported freshwater 
induced transitions between multiple equilibrium states in different climate models (e.g. 
Stocker et al., 1992; Rahmstorf, 1995).
 In the simpler models, the sensitivity of the ocean to transient freshwater 
perturbations is assessed with so called “hysteresis” experiments. In these experiments, 
freshwater input is continually increased or decreased as a function of time, at a rate so 
slow that the circulation can adjust to this change while remaining close to equilibrium 
(Rahmstorf et al., 2005). The result can be summed up as a schematic stability diagram, 
?
Figure 1.6: Schematisation of a full hysteresis loop between the “on” and “off” states of the Atlan-
tic thermohaline circulation via transition a (advective spindown) and b (restart of convection). The 
solid black line indicates a stable equilibrium climate state and the dotted black line an unstable 
state. “S” marks the Stommel bifurcation beyond which no NADW formation can be sustained. In 
this example, between 0 and 0,25 Sv freshwater forcing, two stable equilibria are possible. Figure 
adapted from Rahmstorf et al. (2005).
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a hysteresis loop, in which overturning rate is plotted as a function of freshwater forcing 
(Fig. 1.6). 
 Because of the high computational costs of producing such a quasi-equilibrium 
thermohaline hysteresis loop (a typical experiment costs 20.000 model years to complete), 
it is exclusively performed in EMICs. In comprehensive coupled GCMs, sensitivity of 
ocean circulation to freshwater perturbation is mostly assessed by idealized freshwater 
perturbations, in which for instance a freshwater flux of 0.1 Sv (1 Sv = 106 m3/s) is applied 
uniformly in the North Atlantic between 50ºN and 70ºN during 100 years (Manabe and 
Stouffer, 1995; Stouffer et al., 2006). 
Intercomparisons of the ocean response in climate models to transient freshwater 
perturbations and idealized forcings (so-called “hosing experiments”) are useful in assessing 
the sensitivity of climate models relative to each other (Stouffer et al., 2006). However, 
no information on the model performance to realistic forcings is obtained. Modelling the 
8.2 ka event by applying a realistic freshwater forcing offers the opportunity to compare 
simulation results to palaeoclimate reconstructions and therefore make the translation 
from modelling results to data. In recent years, apart from the results shown in this thesis, 
other modelling studies have focused attention on the 8.2 ka event (Ágústsdóttir, 1998; 
Renssen et al., 2001; 2002; Bauer et al., 2004; LeGrande et al., 2006). These studies 
have been performed by models of varying complexity and addressed different aspects of 
the 8.2 ka event. Ágústsdóttir (1998) investigated the event using the GENESIS climate 
model, an atmospheric GCM coupled to a land surface transfer model, and to multilayer 
models of soil, snow and dynamic sea ice, and a mixed-layer slab ocean. A shutdown of 
the thermohaline circulation was simulated by removing ocean to atmosphere heat flux in 
the Nordic Seas. The resulting climate was in general agreement with proxy evidence for 
the 8.2 ka event. Renssen et al. (2001; 2002) investigated the event with the ECBilt-CLIO 
model coupled climate model (version 2) by perturbing an early Holocene equilibrium 
climate with a fixed amount of freshwater into the Labrador Sea at three different constant 
rates. Different types of recovery were simulated, and one of the experiments in which the 
fresh water was released over 20 years resulted in an event that was close to observations. 
Bauer et al. (2004) simulated the event with the CLIMBER-2 coupled model with two-
dimensional ocean basins, by introducing a freshwater pulse of the estimated volume 
of the Laurentide Lakes in 2-year into the North Atlantic Ocean between 50 and 70ºN, 
also in an early Holocene climate. The experiment produced a short-term cooling of 
20-year duration. Additionally, Bauer et al. (2004) experimented with a freshwater flux 
representing the background melting LIS which weakened the MOC and promoted 
collapse of the thermohaline circulation, in some scenarios resulting in a cooling lasting 
two centuries. LeGrande et al. (2006) simulated the response of the lake drainage in an 
AOGCM (Goddard Institute for Space Studies MODELE) equipped with a module that 
tracks water isotopes by adding isotopically depleted freshwater into the Hudson Bay in 
a pre-industrial climate state. The simulations produced a short period of significantly 
diminished thermohaline circulation and quantitatively match palaeoclimate observations, 
including the lack of a stable isotopic signal in the North Atlantic.
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1.6 Thesis outline
The outline of this thesis is as follows: 
Chapter 2 is a review of published data on the 8.2 ka event that we combined to 
map the geographical distribution of the event. The reconstruction is then compared to 
climate modelling results from Renssen et al. (2001; 2002) in which a freshwater pulse is 
introduced in the Labrador Sea to simulate the 8.2 ka event. 
In Chapter 3 the 8.2 ka event is simulated with version 3 of the ECBilt-CLIO-
VECODE coupled climate model. Volume and duration of a freshwater pulse into the 
Labrador Sea are varied to evaluate their contribution to the ocean circulation response. 
In addition, a background baseline flow is applied that represents melt water from the 
decaying ice sheet and its influence on the evolution of the ocean circulation to freshwater 
pulses is investigated. 
Chapter 4 provides a framework for proxy-data reconstructions by characterizing 
the spatial and temporal structure of the temperature response of the 8.2 ka event. The 
simulation results used are from the simulation in Chapter 3 that produced a climate event 
in Greenland in closest agreement with reconstructions from ice-core data. 
In Chapter 5, the ECBilt-CLIO-VECODE climate model is equipped with a 
dynamical iceberg model to investigate effects of a large iceberg discharge. The results 
are compared with those from a freshwater pulse alone. Subsequently, the iceberg model is 
used in simulations of a two-stage lake drainage that is suggested by different investigators 
(e.g. Teller et al., 2002; Ellison et al., 2006; Hillaire-Marcel et al., 2007). The first stage 
consists of a realistic freshwater pulse released into the Labrador sea, while the second 
stage consists of a smaller freshwater pulse accompanied by an iceberg discharge to 
account for the part of the Laurentide ice sheet that disappeared around the 8.2 ka event. 
Finally, Chapter 6 addresses the research questions, discusses the implications of 
the results and puts them in a broader Holocene perspective. Because the four core chapters 
in this thesis (Chapter 2 to 5) are published in international peer-reviewed journals or are 
submitted, the introductions to these chapters may show some repetition. 
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Chapter 2
Model-data comparison for the 8.2 ka event: con-
firmation of a forcing mechanism by catastrophic 
drainage of Laurentide Lakes
Ane Wiersma and Hans Renssen
Abstract 
To improve our understanding of the mechanism behind the 8.2 ka cooling event, we 
compare proxy evidence with climate model simulations in which the thermohaline ocean 
circulation is perturbed by a freshwater pulse into the Labrador Sea. Both the proxy data 
and model results show a cooling that is mainly concentrated in the North Atlantic region, 
ranging from more than 5°C cooling in the Nordic Seas to about 0.5 to 1°C over Europe 
and less than 0.5°C over the subtropical North Atlantic. Data and model also indicate a 
weakening of the summer monsoon and generally a drier circum-North Atlantic. Over the 
South Atlantic Ocean, the model simulates a slight warming (mostly less than 0.5°C), which 
falls within the uncertainty of proxy data and thus could not be confirmed. To examine 
in detail the structure of the 8.2 ka event, we also compare the modeled climatological 
evolution at two locations with high-quality records, revealing a generally consistent 
picture. The good model-data agreement supports the hypothesis that the 8.2 ka event 
was forced by a freshwater-induced weakening of the thermohaline circulation. Other 
forcings are unlikely, since they would result in an alternative geographical distribution 
and expression of the climate response. 
Based on: 
Wiersma, A.P. and Renssen, H., 2006. Model-data comparison for the 8.2 ka event: 
confirmation of a forcing mechanism by catastrophic drainage of Laurentide Lakes. 
Quaternary Science Reviews, 25: 63-88.
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2.1 Introduction
During the Holocene, the coldest period in the North Atlantic region occurred around 
8.2 cal. ka BP (thousand calendar years before present) and lasted for ~300 years. In 
Greenland ice core records, this 8.2 ka event is characterized by a ~7.4°C reduction in 
temperature (Leuenberger et al., 1999), a decrease in ice accumulation rate, increasing 
wind speeds and a drop in atmospheric methane levels (e.g. Alley et al., 1997; Spahni 
et al., 2003). Proxy records containing evidence for this event, ranging from the North 
Atlantic to monsoonal domains, suggest at least a semi-global impact of the event (e.g. 
Gasse and van Campo, 1994; Hughen et al., 1996, Klitgaard-Kristensen et al., 1998).
A slowing down of the ocean thermohaline circulation (THC) as a result of a 
freshwater perturbation has been proposed as the cause for the event (e.g. Alley et al., 
1997; Barber et al., 1999). The slowdown resulted in a decrease of the northward heat 
transport by the North Atlantic Ocean, leading to a pronounced cooling in the region. 
Most likely, the huge proglacial Laurentide lakes (Lake Agassiz and Ojibway) in front of 
the Laurentide Ice Sheet (LIS) were the source of this freshwater (e.g. Leverington et al., 
2002; Teller et al., 2002; Clarke et al., 2004), which drained into the Hudson Bay when 
the LIS disintegrated (e.g. Vincent and Hardy, 1979; Veillette, 1994; Barber et al., 1999). 
Model studies support the theory that a freshwater perturbation in the North Atlantic can 
slow-down the THC (e.g. Rooth, 1982; Broecker et al., 1985, 1988, 1989; Stocker and 
Wright, 1991; Manabe and Stouffer, 1995, 1997; Rind et al., 2001; Vellinga and Wood, 
2002).
Other studies, however, have pointed to the concurrence of a reduction in solar 
irradiance around the 8.2 ka event (Bond et al., 2001; van Geel et al., 2003), arguing 
that changes in solar activity could have triggered the observed climate changes, most 
likely involving changes in ocean circulation. Muscheler et al. (2004) investigated the 
change in Δ14C around the 8.2 ka event by comparing them to changes in the 10Be flux, 
and concluded that there is no convincing evidence that solar forcing has caused the 8.2 ka 
event. However, they speculate that a period of decreasing solar forcing at the start of the 
8.2 ka event could have been involved in triggering the climatic changes, but was probably 
not the main cause.
A detailed understanding of the 8.2 ka event is important, as it may provide us 
with information on the response of the climate system to a disturbance of the THC 
under interglacial conditions. This is essential because most climate models suggest that 
a disturbance of the THC is likely to occur in greenhouse climate scenarios, triggered by 
an increased freshwater flux (more precipitation and runoff) and warming of the surface 
ocean which both lead to a reduction of the surface water density (Cubasch et al., 2001).
To study the response of the early Holocene climate to a freshwater pulse from the 
Laurentide Lakes, Renssen et al. (2001, 2002) performed several freshwater perturbation 
experiments using a global atmosphere-sea ice-ocean model. In these experiments, solar 
irradiance was kept constant. A freshwater pulse equivalent to the estimated volume of the 
Laurentide Lakes draining in 20 years produced a weakening of the THC for ~300 years 
and showed general agreement between simulation results and proxy evidence for the 8.2 
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ka event. However, a detailed comparison of these model results with proxy evidence has 
not yet been carried out, and could provide additional information on the 8.2 ka event. 
A model-data comparison could shed light on several important questions 
concerning the event that are still insufficiently answered:
What is the geographical distribution of the event? 
How is the event expressed at different geographical locations?
What are the underlying mechanisms, which explain the observed   
 expression? 
Answering these questions is important because it helps identify the forcing 
mechanism for the event. A predominantly circum North Atlantic distribution of the 
event would support a THC weakening as the cause (Rind and Overpeck, 1993). A global 
cooling, on the other hand, may point to the involvement of solar forcing. Thus, by looking 
at the geographical distribution, possible causes can be excluded. As well as identifying 
the forcing mechanism, it is important to look at the expression of the event, i.e. the types 
of climatic response (cooling, drought, windy), their magnitude and seasonal expressions. 
This gives information on the climatological processes involved in the spreading of the 
event. Finally, information on the timing and teleconnections provide us with insight in the 
climatological processes involved in a disturbance of the THC during interglacial climatic 
conditions. 
To address these questions, we perform an extensive model–data comparison, 
utilizing the simulation results of Renssen et al. (2001, 2002) and published proxy-
evidence around the globe. We also compare transient simulation results with two high-
quality records. This method gives us the opportunity to compare observed and simulated 
evolution of the event at different locations. Both the geographical distribution and 
evolution of the event allow identification of the forcing mechanism (Rind and Overpeck, 
1993). A general agreement between simulation results and the proxy data would support a 
freshwater-induced THC weakening as a cause for the event, as no other forcing is applied 
in the experiments of Renssen et al. (2002).
2.2 Simulation
2.2.1 Model and experiment
The numerical simulation experiments were performed with the ECBilt-CLIO three-
dimensional atmosphere–sea-ice–ocean model (Goosse et al., 2001). The atmospheric 
part is version 2 of ECBilt, a spectral T21, three level quasi-geostrophic model described 
in detail by Opsteegh et al. (1998). The sea-ice–ocean component is the CLIO model, 
consisting of a primitive-equation, free-surface ocean general circulation model (OGCM) 
coupled to a comprehensive thermodynamic-dynamic sea-ice model (Goosse and Fichefet, 
1999). The model and experiments are described in detail by Renssen et al. (2002), so here 
we only provide a short overview of the experimental design.
As a first step in the experiment, the boundary conditions of a pre-industrial 
control model were adjusted to the 8.5 ka BP climate state, i.e. insolation, atmospheric 
1.
2.
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Figure 2.1: Simulated main convection site (shaded dark grey to light grey), mean January SST 
isotherms and maximum sea ice extent (thick black line) in (a) Early Holocene equilibrium run and 
(b) perturbed state. In the perturbed state, the main convection site has shifted south (an X marks 
the early Holocene main convection site) (Fig 2 a and b from: Renssen et al., 2001) (c) Simulated 
overturning rate in the Nordic Seas in Sv units (1Sv = 106 m3/s) plotted against time (model years). 
Shaded areas indicate the period used for calculating the temperature and precipitation anomaly 
during the event.
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content of CO2, CH4 and N2O, extent and altitude of the residual Laurentide Ice sheet 
and surface albedo. In comparison with the modern (pre-industrial) climate control 
run, the equilibrium state of this early Holocene climate is characterized by increased 
seasonality over most continents, with higher temperatures in boreal summer (up to 5ºC 
higher) and lower boreal winter temperatures (up to 2ºC lower). Moreover, compared to 
today, precipitation increases over Northern Africa and parts of Asia due to a strengthened 
summer monsoon. These changes mainly reflect the influence of different insolation and 
are in general agreement with proxy records for the early Holocene. In the model, the THC 
behaves similarly in the modern and 8.5 ka BP states, including a main deep convection 
site in the Nordic Seas just south of Spitsbergen.
As a second step, this early Holocene equilibrium state was perturbed by introducing 
a fixed freshwater pulse of 4.67x1014 m3 into the Labrador Sea at different rates (i.e. 
4.67x1014 m3 within 10, 20, 50 and 500 years) in separate experiments (see Renssen et 
al., 2002). This amount is close to the highest estimate for the combined volume of the 
Hudson Bay ice mass and associated proglacial lakes (i.e. 5x1014m3 (Veillette, 1994; 
von Grafenstein et al., 1998; Barber et al., 1999)), and was slightly adjusted to provide 
convenient flux-values in the model. New estimates for the volume of released freshwater 
are lower, i.e. 1.63x1014m3 (Leverington et al., 2002; Teller et al., 2002) and it is not likely 
that the total volume of the Hudson Bay ice mass was released together with the drainage 
of the lakes (Barber et al., 1999). Therefore the volume of freshwater introduced in the 
model in the Labrador Sea may be an overestimation, although the applied volume is close 
to the maximum estimate (4.3x1014 m3) recently published by Törnqvist et al. (2004). 
Applying the freshwater perturbation resulted in a significantly reduced overturning in the 
Nordic Seas and a southerly shifted main convection site, to a position south of 70ºN (Fig. 
2.1a, b). In this paper we only consider the results of one particular experiment in which 
a 20-year pulse reproduced a cooling with the magnitude and duration of the 8.2 ka event, 
as registered in the Greenland ice cores. 
In the model - data comparison, we mainly use the surface temperature and 
precipitation output from the ECBilt atmospheric model which has a horizontal spatial 
resolution of ~5,6º x ~5,6º latitude – longitude. Above open water, the atmospheric surface 
temperature equals the calculated sea surface temperature in the ocean model. 
2.2.2 Climate response
In our model, within 10 years after the freshwater pulse is introduced into the Labrador 
Sea the salinity anomaly reaches the Nordic Seas, lowering surface salinity and weakening 
deep convection, resulting in a significant reduction of the meridional overturning (Fig. 
2.1a-c). When the freshwater pulse ends after 20 years, the meridional overturning further 
decreases for another 30 years (i.e. until the salinity anomaly is removed), reaching a 
minimum of less than 20 percent of the initial overturning rate (Fig. 2.1c). The reduction 
in the overturning rate results in an immediate cooling in the Nordic Seas because the 
northward heat transport and associated heat release is greatly reduced. Moreover, sea-ice 
cover in the Nordic Seas is greatly expanded (Fig. 2.1a-b), leading to additional cooling 
due to the ice-albedo and sea ice-insulation feedbacks.
We define the simulated climate response in terms of anomalies between the 
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perturbed state and the 8.5 ka BP equilibrium state. For the perturbed state we take the 
mean of the period 50 to 150 years after the start of the freshwater perturbation, while for 
the 8.5 ka BP equilibrium state we take the mean of the last 100 years of the equilibrium 
state before the perturbation (Fig. 2.1c). To exclude anomalies that are caused by natural 
variability, we performed a two-tailed t-test (Chervin and Schneider, 1976) for every grid-
cell, checking where the perturbed state differs significantly from the 8.5 ka BP equilibrium 
state. Grid-cells that do not reach the 95% significance level have been excluded. First we 
will discuss the changes in surface temperatures and then the response in precipitation.
Simulated annual surface temperature anomalies (Fig. 2.2a) show a pronounced 
cooling in the Arctic, centered around Spitsbergen with a temperature depression of more 
than 10ºC as a result of the southward shift of the main convection site. The cooling 
gradually reduces to the south to around 0.5ºC at about 30ºN. Accordingly, no clear 
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Figure 2.2: Maps showing significant anomalies from the simulation, calculated between the simu-
lated mean state and perturbated mean state (see fig. 1c). (a) Annual mean surface temperature 
anomaly, (b) January surface temperature anomaly, (c) July surface temperature anomaly, (d) 
Annual mean precipitation anomaly, (e) January precipitation anomaly and (f) July precipitation 
anomaly. Grid cells where the anomaly does not reach the 95% significance level are excluded.
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Figure 2.3: Plot showing the simulated annual mean surface temperatures for the Northern and 
Southern Hemispheres plotted against time (model years).
response in temperature is seen in the tropics. While the Northern Hemisphere cools by 
almost 1ºC, the Southern Hemisphere warms slightly by 1 to 2 tenths of a degree (Fig. 
2.3) expressing the “bipolar seesaw” effect (e.g., Crowley, 1992; Broecker, 1998; Stocker, 
1998). The total duration of the perturbation state is about 280 years.
The cooling at high northern latitudes is especially expressed in the boreal winter 
temperatures (Fig. 2.2b) which are characterized by a cooling of up to 30ºC around 
Spitsbergen. The marked decrease in temperature in the Nordic Seas can be explained 
by the increased sea-ice cover (Renssen et al., 2001). Boreal summer temperature (Fig. 
2.2c) shows a cooling that is less and is mostly centered around the North Atlantic, with a 
maximum cooling up to 7ºC. The increased summer temperatures in the monsoon regions 
of N. Africa and India are probably the result of drying of the soils due to decreased summer 
monsoon precipitation. This makes energy available for surface heating which was used 
for evapotranspiration before the 8.2 ka BP cooling. The slight warming in the Arctic (by 
a few tenths of a degree) may be explained by the enhanced atmospheric transport of heat 
in response to the general steepening of the meridional temperature gradient (Renssen et 
al., 2002). Finally, we interpret patches with higher temperature anomalies (up to +2°C) 
offshore Antarctica as the result of decreased sea-ice cover.
The simulated precipitation anomalies exhibit more spatial variation than the 
temperature anomalies. Annual precipitation anomalies (Fig. 2.2d) show more arid 
conditions around Spitsbergen and central East Greenland, probably as a consequence 
of increased sea-ice extent inducing a relatively high atmospheric pressure (Renssen et 
al., 2002). Changes in atmospheric circulation as a result of increased sea-ice cover also 
explain the belt of more humid conditions south of these drier regions (Fig. 2.2d) (Renssen 
et al., 2002). The annual picture is further characterized by dry conditions in Europe, 
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Figure 2.4 a-f: High-resolution 
sites that record the 8.2 ka event. 
a) GISP2 (Greenland), Oxygen Iso-
topes (Stuiver et al., 1995; Meese 
et al., 1994), b) GRIP (Green-
land), Oxygen Isotopes (e.g. Dan-
sgaard et al., 1993; Grootes et al., 
1993), c) Ammersee (Germany), 
Oxygen Isotopes (von Grafenstein 
et al., 1998, 1999, 2003), d) Crag 
Cave (Ireland) Oxygen Isotopes 
(McDermott et al., 2001), e) Cari-
aco Basin (Venezuela), grey scale 
record (Hughen, 1996; Hughen et 
al., 1996), f) Soreq Cave (Israel), 
Oxygen Isotopes (Bar-Matthews 
et al., 1999, 2003).
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Northern Africa, Western Asia and the Western subtropical Pacific. We interpret the 
relatively wet conditions between the equator and 20ºS as the result of an intensification 
of the Hadley cells in boreal winter (also reflected by an increase in wind speed in most 
places (Renssen et al., 2002)) and subsequently increased precipitation associated with the 
ITCZ (Fig. 2.2e).
Boreal winter precipitation anomalies related to the introduction of the freshwater 
pulse (Fig. 2.2e) are further characterized by mainly arid conditions in Europe, the 
Polar Regions and the tropics. The simulated boreal summer precipitation (Fig. 2.2f) is 
characterized by dry conditions in Northern Africa, India and southeast Asia, reflecting a 
decrease in summer monsoon precipitation (Renssen et al., 2001, 2002). Furthermore the 
July simulation results show a humid response in Scandinavia and central Asia.
2.3 Proxy evidence
In this section we discuss the published proxy data that record an event around 8.2 ka BP. 
The records are discussed for specific regions, starting with evidence from Greenland. 
After the regional discussions, a comparison is made with the modeled temperatures and 
hydrological response. The different locations and the inferred paleoclimatic responses in 
proxy-data and simulation results are summarized in Table 2.1. All dates are in calendar 
years BP, unless indicated otherwise. 
2.3.1 Chronology
One of the main problems with investigating an event by collecting published proxy-
records, is the uncertainty related to the chronology applied. The timing of an event 
in marine- and lake-records, the most common climate archives used in this study, is 
usually determined by an age-model based on several radiocarbon dates. Apart from 
the uncertainty of the radiocarbon dates, the age-model is subject to assumptions on 
sedimentation rate. Moreover, radiocarbon dates from marine or lacustrine organic carbon 
have to be corrected for the delay in exchange rates between atmospheric CO2 and oceanic 
or lake bicarbonate. This reservoir correction is usually assumed to be constant, but in fact 
modifications are likely to occur during periods of climate change (Stocker, 2000; Stocker 
and Wright, 1996; Bard et al., 1994). Additionally, as with many climate events, a plateau 
is present in the calibration curve around 8.2 ka BP (e.g. INTCAL98: Stuiver et al., 1998), 
which makes radiocarbon dating of the event less accurate. Taken together, this can lead 
to uncertainties in the timing of signals in proxy-data of several centuries, even for the 
Holocene. Given the relatively short duration of 300 years, these dating uncertainties can 
lead to the problem that the 8.2 ka BP signal may not occur synchronously in different 
records. Related to this, signals that only are of local origin and occur around 8.2 ka BP, 
may be incorrectly assigned to the 8.2 ka event.
To illustrate the problem with timing, we plotted 6 high-resolution records that 
recorded the event (Fig. 2.4) and which we will discuss later in more detail. The GISP2 
ice-core record (Fig. 2.4a) has an absolute layer-counted chronology (Meese et al., 1994), 
while the 8.2 ka event in the GRIP ice-core (Fig. 2.4b) is dated by transferring the Dye-
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3 annual chronology by correlating volcanic events (Hammer et al., 1986). Still the 
maximum cooling in the GISP2 record leads the maximum cooling in the GRIP record 
by ~90 years. At first sight, the Ammersee (Southern Germany) δ18Op record (Fig. 2.4c) 
fits nicely within the given age range, but only because the authors tuned it to the GRIP 
record. Otherwise the Ammersee 8.2 ka BP signal would lag the GRIP core by 300 years 
(von Grafenstein et al., 1998). For the Crag Cave (Ireland) (Fig. 2.4d), a short event is 
situated at 8.32 +/- 0.12 ka BP, provided by 13 TIMS U-series dates for the Holocene, 
and is correlated to the 8.2 ka event by McDermott et al. (2001). However, the recorded 
spike is short in duration, and the presence of a hiatus or change in growth-rate during this 
period cannot be excluded. On the other hand, a varved sediment record from the Cariaco 
Basin (off Venezuela) (Fig. 2.4e) records an event which is almost synchronous with the 
8.2 ka event in the GISP2 record (Hughen et al., 1996). The Soreq Cave (Israel) (Fig. 2.4f) 
signal is not as straightforward because of its lower resolution, but still a distinct period 
with higher δ18O values can be recognized between 8.3 to 8.0 ka BP (Bar-Matthews et al., 
1999).
These are examples of well-dated records from different latitudes and have a 
relatively high sampling resolution where a clear signal may be observed. In less-resolved 
records however, the event is easy to miss or is captured in only a few anomalous data 
points because of its short duration of around 300 years. Climate indicators with a slow 
response time, such as vegetation, may also lack the time to respond to such a short event. 
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Figure 2.5: Plot showing the simulated Central Greenland annual mean surface temperature anom-
alies and inferred temperature anomalies from the GISP2 ice-core (Alley et al., 1997) calculated as 
deviating from average over the 2000 years prior to the Little Ice Age, from δ18Oice (Stuiver et al., 
1995), and assuming calibration of 0.33‰/ºC (Cuffey et al., 1995). To compare the records on the 
same resolution, we picked a data point from the simulation results every 20 years after applying 
a 20-year moving average. To fix the two records together, the initiation of the 8.2 ka event in both 
records was used as a tie-point.
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Likewise, the signal in oceanic records may show a lag with respect to terrestrial records, 
as a result of the slow propagation of anomalies in the ocean. However, the offset in timing 
between the GRIP and GISP2 records that should have recorded the same signal (compare 
Figs. 2.4a and 2.4b), illustrates that it is virtually impossible to identify leads and lags for 
the 8.2 ka event.
To give the reader an indication of the uncertainties induced by dating and resolution, 
we allocate a subjective rating for the different records in Table 2.1, indicating our opinion 
of the quality of the records and confidence we have that the climate signal in the records 
is a representation of the 8.2 ka event. The rating considers the timing, uncertainties based 
on the number of dates, sampling resolution, shape of the signal, and the Early Holocene 
variability in the record. For the timing of the event we assume 8.3 – 8.0 ka BP as inferred 
from the GISP2 layer-counted ice-core to be correct. We allow for possible lags between 
records, especially in marine records. Records with a ++ rating are well dated, approach 
decadal resolution and exhibit a clear signal between 8.3 and 8.0 ka BP. Records with a + 
rating are also well dated, but either the resolution is low or the timing is slightly offset, i.e. 
falls between 8.4 and 7.9 ka BP. Still we assume the signal displayed in these records is a 
clear representation of the 8.2 ka event. For records with a +/- rating we consider it likely 
that the signal displayed in the record represents the 8.2 ka event, but it cannot be fully 
fixed as a result of low sampling resolution, bad time-control, wrong timing of a signal or 
high internal variability which makes it difficult to identify the 8.2 ka BP signal as a clear 
event. Finally, records with a – rating have registered the 8.2 ka event according to original 
publications, but we cannot see a clear correlation.
2.3.2. Greenland
Analysis of Greenland Ice Core records first revealed the 8.2 ka event (e.g. Johnsen et al., 
1992a; Alley et al., 1997). In the �18O record of the GRIP, Dye-3, Renland, NorthGRIP and 
GISP2 ice cores, the event is reflected as a remarkable spike around 8.2 ka BP (Johnsen 
et al., 2001 and references therein), with a maximum amplitude of about half that of 
the Younger Dryas in the same records. The derived temperature decrease from the �18O 
anomaly is 6ºC +/- 2ºC (Alley et al. 1997). Later, using � 15N values, Leuenberger et al. 
(1999) calculated the temperature shift which ranges between 5.4ºC and 11.7ºC with a best 
estimate of 7.4ºC. Synchronous with the cooling, a decrease in snow accumulation and an 
increase in windblown chemical indicators indicate dry and windy conditions (Alley et al., 
1997). Furthermore, trapped gas-bubbles in the ice reflect a global methane decline of 150 
ppb during the event, which suggests an extent of the event that at least reaches the tropical 
domains (Blunier et al., 1995). 
Additional evidence for a cooling period in Greenland consists of Loss on Ignition 
(LOI) analysis on arctic lake-sediment cores in west Greenland reflecting a decrease in 
paleo-productivity synchronous with the negative �18Oice excursion in the GRIP ice core 
(Willemse and Törnqvist, 1999).
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There is a general agreement between our simulation results and the discussed observations 
in Greenland (Fig. 2.7 and 2.8; Table 2.1). The inferred temperature anomalies from the 
GISP2 ice-core assuming calibration of 0.33‰/ºC (Cuffey et al., 1995), and simulated 
temperature anomalies for central Greenland show good agreement: both show a cooling 
of around 5ºC and a duration of around 300 years (Fig. 2.5). Furthermore, the temperature 
evolution of the event in the simulated and observed records shows remarkable similarities, 
including a rapid decline and a more gradual recovery. It should be noted, however, that the 
model underestimates the cooling estimated by Leuenberger et al. (1999) by  ~7.4ºC, and 
does not fall within the lower range (-5.4ºC) of their estimate. A decrease in accumulation 
rate of 30% during 300 years is simulated over central Greenland, in contrast to the 
observed decrease in accumulation of 20% during 100 years (Alley et al. 1997). 
2.3.3 Europe
A decrease in July temperatures at 8.2 ka BP is inferred from chironomid (~-1ºC) and 
diatom (~-0.5ºC) records from lake Tsuolbmajavri in northern Scandinavia (Korhola et 
al., 2000, 2002). Pollen assemblages from the same lake reflect the same decrease in July 
mean temperatures (~-0.5ºC), while the annual mean precipiation shows a maximum at 
8.0 ka BP, although not mentioned specifically in relation to the event (Seppä and Birks, 
2001). In the Sarsjön catchment in Sweden, Snowball et al. (2002) find a brief cooling 
around 8.0 ka BP, but they are very cautious in correlating it to the signal in the Greenland 
Ice cores. Sediment texture and weight LOI values from southern Norwegian lakes reflect 
an episode of increased glacier activity and decreased air temperatures (Nesje et al., 2000; 
Nesje and Dahl, 2001). In these records, 2 cooling episodes are present between 8.4 and 
8.0 ka BP that can be correlated to the GRIP and GISP2 ice cores. The age offset with the 
Greenland Ice Cores is assigned to dating imprecisions. Later, Bennett (2002) wrote a 
critical comment on the claimed correlation between the increases in glacier activity found 
by Nesje and Dahl (2001) to the 8.2 ka event, suggesting that the timing did not coincide. 
Synchronously at 8.2 ka BP, a reduction of summer temperature and/or a shortening 
in growing seasons is inferred from tree-ring data from Bamberg, Central Germany 
(Klitgaard-Kristensen et al., 1998). The cooling is supported by an ostracod oxygen-
isotope record from the Ammersee in southern Germany that shows a marked negative 
excursion of ~2 ‰ near 8.2 ka BP implying a 1.7 ºC cooling (von Grafenstein, 1998, 
1999). It must be noted however, that the age-model for the high-resolved Holocene part 
is tuned to the GRIP time-scale. Wagner et al. (2002) infer a global decrease in CO2 of ~25 
ppm by volume over ~300 years from leaf stomata frequency analysis on fossil tree-leaves 
from lake deposits in Denmark, indicating an enhanced North Atlantic sink for CO2 at the 
time of the 8.2 ka event. 
In northeastern Europe, stable isotope records from freshwater carbonates in 
Belarus also reflect a significant fall in temperature ~8.3 – 8.2 ka BP (Makhnach et 
al., 2000) and Paus et al. (2003) report a cooling beginning around 8.2 ka BP in arctic 
Russia, initiating deforestation of the exposed hills. For Estland, Seppä and Poska (2004) 
determined a decrease in mean annual temperature of between 2ºC and 1.5ºC from pollen 
assemblages for the 8.2 ka event. Also Veski et al. (2004) find a cooling in pollen-based 
annual mean temperatures from Lake Rõuge in Estland from 8400 – 8080 yr B.P., where 
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annual mean temperatures were ~2ºC colder than prior to, and ~3ºC colder than after the 
cooling. In a marine core from the Arctic Ocean, offshore Northern Siberia, Andrews 
and Dunhill (2004) observe an environmental reversal at 7800 14C years coinciding with a 
discrete low isotopic peak in planktonic foraminifera, which they tentatively relate to the 
8.2 ka event.
Speleothem �18O composition from Crag Cave, southwestern Ireland, recorded a 
cold-spell centered at 8.32 +/- 0.12 ka BP. The timing is determined by U/Th dating and 
the event is characterized by a large decrease in �18O values of ~8 ‰ (McDermott et al., 
2001). An increase in strontium and phosphorous accompanied the shift in �18O, indicating 
more arid conditions around that time lasting less than 40 years (Baldini et al., 2002). 
Also land snail assemblages from Holywell Coombe in the southeast of England reflect 
a cooling of ~1ºC in both seasons (Rousseau et al., 1998) with a timing between 8.5 – 8.0 
ka BP.
In the Swiss and German Alps, tree species adapted to low temperatures and 
sensitive to drought, expanded temporarily around 8.2 ka BP (Tinner and Lotter, 2001), 
while tree-line altitudes declined (Wick and Tinner, 1997). Additionally, Magny et al. 
(2001) report a short lived lake level rise in the Swiss Jura and a coincident 1 – 1.5ºC 
lower mean annual temperature (and ~-2ºC in summer) around ca. 8.4 – 8.3 years BP to be 
possibly related to the 8.2 ka event. Similarly, Chironomid records from the Hinterburgsee 
in the Northern Swiss Alps show a decrease in July air temperatures of 1 – 2 ºC from 
8.2 ka to 7.7 ka BP (Heiri et al., 2003, 2004). This is significantly longer than the cold 
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Figure 2.6: Plot showing the simulated Central European surface temperature anomaly vs. inferred 
temperature anomaly from the Ammersee, Germany (von Grafenstein et al., 1998, 1999, 2003). The 
anomaly is calculated as deviating from the start of the event (t = 8255 cal. year BP) and using the 
von Grafenstein et al. (1999) δ18Op–temperature gradient of 0.58‰\ºC. As previously mentioned 
(see caption figure 5), the GISP2 time-scale (Meese et al., 1994) had been employed for our simu-
lation results. A 20-year moving average has been applied to our simulation results, and one data 
point every 20 years is plotted.
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Figure 2.7: (a) Map showing sites for which proxy-data record an absolute change in annual tem-
perature are superimposed on the simulated annual mean temperature. Also included are sites re-
flecting a relative change in temperature (either annual or July). Sites that reflect an EMHT or a 
change in ocean circulation are also indicated.
(b) Map showing sites for which proxy data record an absolute change in July temperature are 
superimposed on the simulated July temperature. Again, sites reflecting a relative change in tem-
perature (either annual or July) are included.
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event registered in other proxy-records, but is in agreement with comparisons of Holocene 
climatic oscillations in the Alps and the Swiss Plateau by Haas et al. (1998).  By assembling 
published changes from the Alpine area, Magny et al. (2003) observe a cool and wet 
response at several sites in Europe between 50ºN and 43ºN, proposing a hydrological tri-
partition in Europe during the 8.2 ka event. The underlying mechanism is thought to be 
the southward shift of the wetter westerlies as a response to a changing thermal gradient 
between high and low latitudes.
Simulation results from Europe show a general agreement with these proxy records 
(Fig. 2.7 and 2.8; Table 2.1). The gradual decrease in temperature anomalies to the south 
that is evident in the modeling results can also be observed in the proxy records, with a 
good agreement in magnitude as well. An exception is the inferred decrease in summer 
temperatures in Northern Scandinavia of ~1ºC by Korhola et al. (2002) which is about 2ºC 
warmer than the simulated summer temperature anomaly for northern Scandinavia. For the 
Ammersee, we compared the simulated and inferred mean-annual-temperature evolution 
of the event using the von Grafenstein et al. (1999) �18Op–temperature gradient of 0.58‰\
ºC (Fig. 2.6). Both curves show a rapid decline, a gradual recovery and a cooling of about 
1.5ºC. The observed timing in the Ammersee is later than the GISP2 calibrated simulation 
results, but this is the direct consequence of the Ammersee record being tuned to the GRIP 
time-scale. Furthermore the observed duration in the Ammersee is shorter. 
The simulated shift towards drier conditions is observed in the proxy records as well, 
although no absolute estimates are reported. We checked for the proposed hydrological tri-
partition in Europe, but our simulation results do not reflect a positive anomaly between 
43°N and 50°N as suggested by Magny et al. (2003). A possible explanation might be that 
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Figure 2.8: Map showing sites that record a hydrological response during the 8.2 ka event superim-
posed on the simulated annual mean precipitation.
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the lakes with a higher lake level are all located at least one kilometer above sea level, such 
heights are not resolved in the model. Therefore the model-data mismatch may be related 
to the relatively low resolution of the model. Furthermore, the observed high lake levels 
might be the result of a decrease in drought stress as a consequence of the cooling.
2.3.4 Mediterranean Sea
In the Mediterranean Sea, the timing of the 8.2 ka event falls within a period of deposition 
of a thick layer rich in organic material, known as the youngest sapropel 1 (S1). S1 is 
associated with a period of enhanced precipitation and freshwater run-off that prevented 
deep-water convection in the Mediterranean, causing oxygen depletion on the seafloor 
(e.g. Siani et al., 2001; Bar-Matthews et al., 1999; Ariztegui et al., 2000). Mercone et al. 
(2000) reported a break in sapropel deposition in high sedimentation records from the 
Adriatic and Aegean Seas centered on 7500 14C years BP, indicating intensified ventilation 
and which they suggest to be caused by cool and less humid conditions during the 8.2 
ka event. Foraminiferal assemblages from the Adriatic Basin indicate a short cooling 
episode that accompanies this interruption (Ariztegui et al., 2000; Siani et al., 2001). Also 
in the western Mediterranean Sea a cold-period around 8.2 ka BP is observed: from the 
Gulf of Cadiz and the Alboran Sea, Cacho et al. (2001) report a decrease in annual sea 
surface temperature (SST) between 0.5ºC and 1ºC, derived from Uk’37 alkenone analysis. 
An increase in sea surface salinity (SSS) is observed at ODP site 967 and RL 11 around 8.0 
cal. ka BP, indicating a short interruption of the low SSS conditions that prevailed during 
the sapropel formation (Emeis et al., 2000).
Modeling studies by Myers and Rohling (2000) support the idea that a cooling may 
have caused the interruption in S1. Introduction of 2ºC and 3ºC cooling to a model with 
sapropel deposition boundary conditions, induced deep convection and intermediate water 
formation at sites where in all cases there had previously been only stagnant unventilated 
waters. 
In several marine records the interruption of sapropel deposition occurs later, 7.9 
cal ka BP for the onset (Geraga et al., 2000; Mercone et al. 2000) and even 7000 14Cnc (not 
corrected for reservoir age) years (De Rijk et al., 1999) and the interruption appears to be 
time-transgressive. Furthermore, in the Marmara Sea, the interruption of S1 is followed 
by a peak occurrence in a cooler water foraminifera species (Sperling et al., 2003), 
implying that here, the interruption was not caused by the 8.2 ka cooling but preceded it. 
Therefore, the link between the 8.2 ka event and the S1 interruption remains elusive. 
The cooling in marine records is supported by pollen records from around the 
Mediterranean Sea: crater-lakes in the Tyrrhenian Sea (Ariztegui et al., 2000), Tenaghi 
Philippon in Northern Greece/Macedonia (Rossignol-Strick, 1995; Wijmstra, 1969) and 
Lago di Monticchio (Allen et al., 2002). Similarly, a decrease in organic sedimentation in 
Lago di Mezzano in central Italy reflects the cooling (Ramrath et al., 2003) and a drought 
is inferred from pollen assemblages in the Segura region in Spain (Carrión, 2002). 
The simulation results, which show a cooling in both summer and winter of between 0.5ºC 
and 1.0ºC, in combination with dry conditions around the Mediterranean, are in good 
agreement with the proxy-data (Fig. 2.7 and 2.8; Table 2.1). 
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2.3.5 North America
Many high-resolution lake sediment analyses in North America contain evidence for large 
climatic events approximately synchronous with the �18O excursion in Central Greenland 
ice cores (Hu et al., 1999; Spooner et al., 2002; Dean et al., 2002, Yu and Wright, 2001). It 
should be noted, however, that more events are detected around this time in North America 
and which probably represent regional changes associated with land and atmospheric 
reorganizations as a result of the retreat of the Laurentide Ice sheet (Dean et al., 2002). 
For example, Hu et al. (1999) present evidence for two separate regional scale climate 
reversals in Minnesota, USA, between 9.0 and 8.0 ka BP. The first event is characterized 
by a decrease in �18O of sedimentary carbonate and lasts from ~ 8.9 – 8.3 ka BP, the second 
event at 8.2 ka BP is characterized by a marked increase in varve thickness, reflecting 
an increase in dust-influx, that is not accompanied by a decrease in �18O. This last event 
is accompanied by a high pollen ratio from herbs to trees and shrubs, indicating higher 
drought intensity. A cooling of about half that of the magnitude of the Younger Dryas is 
recorded in lake-sediment oxygen isotopes from Crawford Lake, Ontario (Yu and Eicher, 
1998). On the contrary, pollen records from the varved Elk Lake in Minnesota reflect a 
vegetational response from boreal forest to prairie savanna that occurred around 8.2 ka BP 
(Dean et al., 2002). The vegetational response was accompanied by an increase in varve 
thickness. At this site, the response is interpreted as a contraction of polar air, allowing 
stronger and warmer westerlies to the site, following the final collapse of the Laurentide 
Ice Sheet.
Spooner et al. (2002) found an oscillation in several proxies in a sediment core 
from Taylor Lake (Nova Scotia) around 8.4 ka BP, reflecting a regional cooling, which 
they correlate to the cooling recorded in Greenland. Likewise, from two nearby lakes in 
the White Mountains, western Maine, USA, Kurek et al. (2004) interpret a decrease in 
LOI between ~8.4 and 8.2 ka BP to reflect a regional cooling. Unfortunately, an additional 
Chironomid study on the same cores did not yield reliable absolute temperatures (Kurek 
et al., 2004).
In Arctic Canada, Seppä et al. (2003) report a pollen stratigraphical event, 
which temporarily disrupted the stability of the Betula shrub tundra, indicating a rapid 
cooling between 8.1 ka BP and 7.9 ka BP. Similarly, in the southern Coast Mountains, 
British Columbia, Menounos et al. (2004) found evidence for a glacier advance which is 
correlative, within dating uncertainties, to the 8.2 ka event in the Greenland ice cores.
 
Our simulation results for North America (Fig. 2.7; Table 2.1) show an annual cooling of 
between 1 and 2ºC north of 50ºN, but this does not reach as far south as in Europe and 
Asia. Most records from North America reflect a cooling, but unfortunately no absolute 
temperature anomalies could be inferred from the proxy-data. The disintegration of the 
Laurentide Ice Sheet must have had a profound impact on regional and local climate in this 
region, and is difficult to account for in the model – data comparison. This is illustrated by 
the chaotic behavior of proxy-records between 9.0 and 8.0 ka BP and the record of Dean 
et al. (2002), which shows a short warming period during the 8.2 ka event. Nevertheless, 
most records display evidence for a cooling during the 8.2 ka event, which is consistent 
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with the simulation results.
The simulated annual mean precipitation for North America (Fig. 2.8; Table 2.1) 
displays a large spatial variation. The January response is wetter along the coasts, while 
the July response is more chaotic, with dry July conditions in central and eastern North 
America and wet conditions to the west. The simulated July response agrees well with the 
proxy evidence for central North America. 
2.3.6 North Atlantic Ocean
In both the eastern and western basins of the Hudson Strait, a red hematite-rich silt and 
clay is deposited at approximately 8000 14C yr (Andrews et al., 1995; Kerwin, 1996), 
which Barber et al. (1999) interpreted as evidence for a massive freshwater pulse. Based 
on new estimates of the local marine 14C reservoir age, Barber et al. (1999) estimated the 
exact timing of the final discharge from the Laurentide lakes at ~8,470 cal. yr BP, which, 
considering dating uncertainties, coincides with the onset of the cooling in Greenland and 
elsewhere (e.g. Alley et al., 1997; Klitgaard-Kristensen et al., 1998; von Grafenstein et 
al., 1998).
Two cores from opposite sides of the North Atlantic indicate a peak in ice-rafted 
debris (IRD) at ~8.1 ka BP, coinciding with colder SST as reflected by planktonic foram 
assemblages (Bond et al., 1997). Because this cooling appears to be part of a millennial-
scale cyclicity, the authors suggest that the origin of the cooling is linked to the ~1500 year 
climate cycle, and that its large amplitude in climate records reflects a mechanism that, 
in some way, amplified the climate signal at that time. In a subsequent paper the apparent 
millennial-scale cyclicity was proposed to be solar-induced (Bond et al., 2001), implying 
that the 8.2 ka event was caused by a decrease in solar activity. A similar cyclicity is 
proposed by Bianchi and McCave (1999), who recognized a millennial scale cycle of 
~1500 years (but see Wunsch, 2000) in the rate of ‘Iceland-Scotland overflow water’ 
(ISOW) indicated by an increase in “sortable silt” mean size in core NEAP15K. They 
correlate a period between ~8.4 – 8.0 ka BP with a higher sortable silt mean size, indicating 
faster flow, to the 8.2 ka event. The reasoning behind this is that during the Early Holocene 
warm periods, melting ice would reduce the density of the ISOW waters and hence slow 
down ISOW flow, while during cold periods (like the 8.2 ka event), a decrease in ice melt 
would have the opposite effect. Contrarily, in core NEAP4K which also records the ISOW 
flow strength using sortable silt mean size, Hall et al. (2004) recognize a brief decrease in 
flow strength in ISOW flow speed centered at around ~8400 years BP. Additionally, this 
decrease partly supports a ~400 year negative shift in benthic �13C data commencing at 
~8570 +/- 140 years and indicating a decrease in the relative proportion of NADW at the 
site. 
Variations in circulation of the North Atlantic Ocean, and resulting changes 
in climate around 8.2 ka BP, are recorded in many eastern-Atlantic records. The high-
resolution northern North Sea core 28-03 shows a significant increase in the cold-water 
foraminiferal species N. pachiderma (s.) occurring at 8.2 ka BP (~7400 14C yrs BP) 
(Klitgaard-Kristensen et al., 1998). Additionally, a temperature reconstruction from core 
MD95-2011 in the eastern Norwegian Sea using Uk’37 alkenone concentrations reflects 
a rapid summer cooling at ~8.1 ka BP by ~1ºC (Calvo et al., 2002). In the same core, 
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Dolven et al. (2002) observed a ~2ºC cooling in summer SST, inferred from Radiolarians. 
Although no distinct change is present in a diatom based temperature reconstruction for 
the core, a crash in the total diatom composition appears at 8100 yrs BP which could be 
due to a change in water-masses that decimated the diatom population but did not cause 
any prolonged fluctuation in SST (Birks and Koç, 2002). Additionally they find minor 
occurrences in a cold-water diatom species and changes in the physical properties of the 
sediment occur around 8100 yrs ago indicating a change in oceanic currents. Finally, 
Risebrobakken et al. (2003) find the event in foraminiferal assemblages and stable isotopes 
in this core.
Micro-paleontological data and stable isotopes on foraminifera from Core SU 81-
18 off Portugal, reflect a decrease in summer SST of 0.5ºC and a decrease in SSS of 1 
‰ around 8.2 ka BP (Duplessy et al., 1992). Moreover, they find a similar synchronous 
decrease in summer SST in core NA87-22 on the Rockall Plateau during this time.
At ODP site 980 in the eastern North Atlantic, Oppo et al. (2003) observe a 
decrease in �13C around 8.0 ka BP, indicating a time of reduced NADW formation. Hall 
et al. (2004) emphasize the offset between the negative �13C excursion at ODP site 980 
with their negative �13C excursion in core NEAP4K, and conclude that the nature of 
the deep ocean circulation during the 8.2 ka event remains indistinct. On the Bermuda 
Rise, Keigwin and Boyle (2000) do not find evidence in paleochemical data for reduced 
production of NADW, but they suggest that this is most likely the result of sedimentation 
rates on the Bermuda Rise being lowest during the early Holocene. O’Reilly et al. (2004) 
find a correlation between the Holocene growth of a cold-water coral mound population 
west of Ireland and the 8.2 ka event. They observe a reduction in coral colonization and 
framework growth rates, possibly reflecting a reduction in the NE-flowing contour current 
along the Rockall Trough. However, they argue that submarine landslides such as the 
Storegga Slide offshore Norway, which happened around 8000 yr BP, can also be a cause 
for the reduction in growth. 
Additional evidence for reduced NADW strength that is synchronous with the 8.2 
ka event can be found in a Nd isotope record from core RC11-83 in the southeastern 
Atlantic (Piotrowski et al., 2004). The authors suggest that such a reduction in NADW 
strength is a response to abrupt climate changes in the north, likely transmitted by sea-ice 
to the deep ocean by constraining the latitude of NADW formation sites.
Records where an annual temperature anomaly is provided that is possibly linked to the 
8.2 ka event, generally support the simulated annual temperature (Fig. 2.7a; Table 2.1). 
Moreover, the similarity in simulated and observed summer SST anomalies is striking 
(Fig. 2.7b; Table 2.1). The simulated cooling in the western North Atlantic is, however, not 
supported by proxy evidence. On the other hand, the predicted temperature decrease in the 
western north Atlantic Ocean is less than in the eastern north Atlantic Ocean, and so the 
signal in this region may have been too small to be captured by oceanic proxies.
Evidence for a decrease in NADW formation during the 8.2 ka event is considered 
controversial by some authors (e.g., Hall et al., 2004; Muscheler et al., 2004). By 
comparing the 10Be record from the GRIP ice core with the well known tree-ring Δ14C 
record, Muscheler et al. (2004) do not find evidence for decreased deep water formation 
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during the 8.2 ka event, as would be suggested if atmospheric Δ14C concentrations were 
higher than indicated by the 10Be-based production. Yet, they stress that a short-term 
change in ocean circulation is not able to produce very strong Δ14C changes. It should 
be stressed that the records of Oppo et al. (2003), Hall et al. (2004) and Piotrowski et al. 
(2004) can be interpreted as reflecting a decrease in NADW formation that correlates to 
the 8.2 ka event. 
2.3.7 Africa and Middle-East
The Holocene record of the Soreq Cave, Israel, reflects a period of increased precipitation 
with low �18O values from 8.5 – 7 ka BP, interrupted by markedly higher values between 
8.2 and 8.0 ka BP. The �13C values in this record are ~4 ‰ higher, shifting back abruptly 
to normal Holocene values between 8.3 and 7.8 ka BP (Bar-Matthews et al., 1999). They 
interpret these isotope shifts as a deluge period between 8.5 and 7 ka BP that is interrupted 
by a short dry period between 8.3 and 7.8 ka BP.
The arid conditions observed in and around the Mediterranean Sea during the 8.2 
ka event are also observed in northern Africa. From Ethiopia to the Western Sahara, 
the Sahel and subequatorial Africa, significantly low lake levels are observed at 7.5 
14C ka BP, interrupting a period of generally humid conditions (Gasse and van Campo, 
1994; Gasse, 2000). The presence of this dry period is confirmed by high aerosol spikes 
in Kilimanjaro ice cores around 8300 yrs BP, interpreted as a period of rapidly fluctuating 
lake levels (Thompson et al., 2002). 
Sediment core 74KL in the northern Arabian Sea shows a cooling near 8.050 
cal. yrs BP, accompanied by an increase in dust influx, indicating cool and dry conditions 
(Sirocko et al., 1993). In Oman, the period between 8.2 and 8.0 ka BP is one of diminished 
monsoon precipitation as inferred from oxygen isotope records in speleothems from Hoti 
Cave (Neff et al., 2001) and Qunf Cave (Fleitmann et al., 2003). Two dry periods between 
8.2 and 8.0 ka BP are also inferred from the oxygen isotope record in sediment core 905 
off Somalia, that almost mimics the Hoti Cave record (Jung et al., 2002). A sediment core 
offshore Mozambique (Bard et al. 1997) exhibits a cooling of ~0.3ºC around 8.2 ka BP 
inferred from Uk’37.
Offshore Mauritania sediment cores reveal a millennial scale SST variability, 
reflecting a SST cooling of ~2°C around 8.0 ka BP (deMenocal et al., 2000). These 
changes have been attributed to variations in the relative strength of the Eastern Canary 
boundary current. According to the authors, no temporal offset can be detected between 
North Atlantic records and this record for the SST oscillations.
The simulation results show a clear decrease in summer precipitation in North Africa 
indicating a decrease in the summer monsoon (Fig. 2.8). This is in agreement with the 
reconstructed hydrological response to the 8.2 ka event. No reports have been made of 
changes in temperature during the period, which supports the simulation result that show 
no clear temperature anomalies, except for a summer warming of northern Africa (Fig. 
2.7b). However, this is not in disagreement with the records, and reflects relatively dry 
soils caused by the decreased summer monsoon precipitation, which leads to heating of 
the air near the surface.
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2.3.8 South Asia and Oceania
Ice-core records from the Guliya glacier on the Tibetan Plateau, reveal a decrease in �18O 
values of as much as 5 ‰, corresponding to a cooling of ~9 ºC centered at ~8.2 ka BP 
(Wang et al., 2002). The authors attribute this extreme cooling to the feedback between 
snow cover and climate change on the Tibetan Plateau. Nearby on the Tibetan Plateau, in 
Lake Sumxi, Gasse and Van Campo (1994) observed a lowstand period around 8.2 ka BP. 
Also from Lake Yiema in Northern China, a dry period is reported by Chen et al. (1999), 
inferred from lake sediments at 7600 14C yrs BP that can be correlated to the Tibetan and 
African low lake levels reported by Gasse and Van Campo (1994). Staubwasser et al. 
(2002) find evidence for reduced precipitation over NW India and Pakistan in sediment 
core 64KA that fits the 8.2 ka BP within age uncertainties. 
Furthermore, records from the South China Sea (Wang et al., 1999) show a marked 
period of decreased SST of 2ºC derived from Uk37 analysis on a sediment core (core 17940-
2). A SSS maximum is present between 8.3 and 8.1 ka BP, but is immediately followed by 
a SSS minimum. The authors state that they cannot be certain whether the SSS maximum 
is indeed related to the 8.2 ka BP cooling in Greenland. The Sulu Sea record by Rosenthal 
et al. (2003) exhibits a short increase in SSS around 8.5 ka that they claim to be “likely 
associated with the 8.2 ka event”, reflecting a decrease in summer monsoon intensity. 
Gagan et al. (2002) report a pronounced cooling of more than 3ºC in the West Pacific 
warm pool at ~8000 yrs BP inferred from coral �18O and Sr/Ca values from Indonesia. 
However, an increase in cold upwelling-water at the site as a result of increased trade wind 
strength could be a more likely cause. 
The simulation results for South East Asia show a pronounced mean annual cooling 
larger than 1ºC north of 40ºN, which is in agreement with proxy-evidence (Fig. 2.7). 
Furthermore the simulation results show a weakening of the summer monsoon (Fig. 2.8), 
which is thought to have caused the increased SSS in the China and Sulu Sea and the low 
lake levels in lake Sumxi (Gasse and van Campo, 1994) and lake Yiema (Chen et al., 
1999). The inferred 9ºC cooling in the Guliya ice core has a significant offset with the 
simulation results that reach less than 1ºC for the area. Part of the discrepancy may be due 
to the heights and local albedo, which are not resolved in the model. However, the inferred 
temperature anomaly is extreme and difficult to explain, even with the feedbacks that the 
authors pose. 
2.3.9 Middle- and South America
Laminated sediments from the Cariaco Basin, offshore Venezuela, provide a high-
resolution record of variations in productivity covering the Holocene. Between 8.3 and 
8.0 ka BP, lighter sediments are present representing increased productivity. This indicates 
increased winter upwelling and trade wind strength, associated with a more southerly 
mean position of the ITCZ and a weakened monsoon (Hughen et al., 1996). Low values of 
Ti and Fe in this core characterize the period between 8.3 and 7.8 ka, reflecting a decrease 
in continental runoff that indicates a more southerly mean position of the ITCZ (Haug et 
al., 2001). Similarly, Barron et al. (2004) report an increase in biogenic silica % and �18O 
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ratio between 8.2 and 8.0 ka BP in the Gulf of California in DSDP 480. These changes are 
also attributed to a shift in atmospheric circulation resulting in a winter intensification of 
northwest winds over the northern Gulf and associated coastal upwelling that could have 
resulted in increased diatom production at the site.
A sediment core from Lake Chichancanab on the Yucatan peninsula in Mexico, 
records a short wet interval from 8.2 to 8.1 ka BP, interrupting a ~1200 year dry period 
which is marked by gypsum precipitation (Hodell et al., 1995). At the same latitude, 
ostracod �18O records indicate that Lake Miragoane (Haiti) reflects a short period of dry 
conditions between 8.3 and 8.2 ka BP (Hodell et al., 1991). Moraine stages in the Cordillera 
Central of Colombia reflect glacier pauses during 2 cold intervals around ~7400 14C years 
(Thouret et al., 1996). Dry conditions during the event are also reflected in a speleothem 
record from Costa Rica (Lachniet et al., 2004). Most evidence from Middle America 
suggests a dry period synchronous with the event, and therefore the wet response observed 
in Lake Chichancanab may be of local origin.
Two tropical ice cores from the Andes cover the early Holocene period: the 
Huascaran and Sajama ice core (Thompson et al., 1995, 1998). Although both oxygen 
isotope records reflect an impact during the Younger Dryas period (the absolute dating of 
these ice cores is poor and does not allow any conclusion of the type of signal, i.e. Arctic 
or Antarctic (Ramirez et al., 2003)), no evidence for a change during the 8.2 ka event 
is reflected. The measured chemistry in the cores does reflect a change: the Huascaran 
NO 3
-
 record exhibits a minimum during the event and an increase in dust input. The 
Holocene time scale employed is, however, tentative and therefore is not suitable for direct 
comparison with model output. The Huascaran �18O record for the last centuries is very 
similar to that of the Quelccaya ice core. For the Quelccaya ice core, Melice et al. (1998) 
provided evidence that the �18O signal is a good recorder of annual SST in the tropical 
North Atlantic. If we assume that the same relationship holds true for the Huascaran ice 
core, we may infer that no significant changes in tropical North Atlantic SST occurred 
during the 8.2 ka BP cold event.
In the simulation results, northern South America and the Caribbean are generally 
characterized by relatively dry and cool conditions (Fig. 2.7 and 2.8; Table 2.1). This is 
in agreement with proxy-records from the area: the speleothem record by Lachniet et al. 
(2004) and tracers reflecting decreased continental runoff from Cariaco Basin (Haug et al., 
2001) reflect such a dry period, and in the Colombian Cordillera Central, a glacier pause 
indicates a cooling (Thouret et al., 1996). Finally, the absence of a temperature anomaly 
in the simulations is in agreement with the lack of observed changes in temperature in the 
Huascaran and the Sajama ice core.
The inferred increase in tradewind strength from Cariaco Basin and the Gulf of 
California  is simulated and results from an intensified Hadley Cell circulation in boreal 
winter as a result of a steeper temperature gradient in the Northern Hemisphere.
2.3.10 Antarctica
A comparison of Holocene ice-core records reveals a clear early Holocene optimum in all 
records between 11.5 and 9.0 ka BP, which is followed by a minimum around ~8 ka BP 
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(Masson et al., 2000). A ‘switch-on’ of the North Atlantic circulation after the 8.2 ka event, 
removing heat from high southern latitudes, is proposed to have caused the termination 
of this optimum. However, a clear response contemporary to the 8.2 ka event cannot be 
found in most of the high-resolution Antarctic records, and the termination of the Early 
Holocene optimum is gradual and not synchronous in all records. However, the Vostok 
Deuterium record shows the most distinctive spike in the Holocene around ~8.2 ka BP, 
from which a temperature increase of more than 2ºC is inferred (Jouzel et al., 1987, 1993, 
1996; Petit et al., 1999; Ruddiman and Raymo, 2003). So, except for the Vostok ice core, 
we do not see evidence for abrupt changes in climate inferred from ice-cores in Antarctica 
that can be related to the 8.2 ka event. In addition, a decadal-scale record of Holocene SST 
and sea-ice presence from the polar-front of the East Atlantic Southern Ocean does not 
exhibit marked changes around 8.2 ka BP (Nielsen et al., 2004). 
The simulation results do not show any significant changes around Antarctica, except 
maybe for a slight warming in the southern Atlantic, Indian Ocean and the coastal regions 
east of the Weddel Sea (Fig. 2.7 and 2.8; Table 2.1). Most anomalies, which are around 
~0.2ºC for this region, are not expected to show up in most proxy-records. Over the 
continent, almost no significant temperature anomalies are simulated, and therefore the 
2ºC warming observed in the Vostok ice core does not support the simulation results. Still, 
the warm spike in the Vostok record may be an expression of the bipolar seesaw effect 
during the 8.2 ka event, other ice cores however, do not support such a warming. It appears 
that changes in climate during the 8.2 ka event in and around Antarctica were too minor to 
be recorded in the various archives (i.e. they were lost in the noise of natural variability), 
except maybe for the Vostok deuterium record. 
2.3.11 Early-to-Mid-Holocene Transition and the 8.2 ka event?
In several Southern Hemispheric records, a marked shift in climate is present near 8.0 ka 
BP. This shift is described as the Early-to-Mid-Holocene Transition (EMHT, Stager and 
Mayewski., 1997) and is used somewhat confusingly in several articles in the context of 
the 8.2 ka event (Stager and Mayewski, 2003; Servant and Servant-Vildary, 2003; Kim et 
al., 2002; Xia et al., 2001; Holmgren et al., 2003). Because there may be a relation to the 
8.2 ka event, we give a short overview of records reflecting this shift. 
Diatom records from Lake Victoria reflect an increase in the precipitation – 
evaporation ratio and increased wind-driven mixing in the period between 8.2 and 7.8 ka 
BP. At 7.8 ka BP there is also a rapid shift towards dry conditions (Stager and Mayewski, 
1997). After a revision of the reservoir age correction for the sediments, however, the 
shift appears to be several centuries older (Stager et al., 2003). The authors refer to strong 
teleconnections between high and low latitudes during the early to mid-Holocene to explain 
this shift and the apparent coincidence with the 8.2 ka event as recorded in Greenland ice-
cores. The Antarctic Taylor Dome Na record reflects a synchronous shift to diminished 
meridional circulation and atmospheric mixing (Stager and Mayewski, 1997). Comparable 
climate shifts are recorded in other Southern Hemisphere records: at 8.0 ka BP, perennial 
wetlands in Bolivia were replaced by hydromorphic soils, indicating an evolution toward 
drier conditions and/or more seasonal wetness (Servant and Servant-Vildary, 2003) and a 
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2.5ºC abrupt warming is observed in the Uk’37 record of core GIK 17748-2, offshore Chile 
(Kim et al., 2002). A poleward relocation of circumpolar air masses is suggested as a 
cause for these climate shifts, as a result of the weakening of polar atmospheric circulation 
that was caused by a decline in the extent of sea ice. In Tasmania, an abrupt change to 
warm and arid conditions is registered in a speleothem record at ~8000 yrs ago (Xia et al., 
2001). As a mechanism for this shift, they propose a poleward migration of the hot and dry 
subtropical anti-cyclone over Tasmania. Conversely, in South Africa, a speleothem record 
registered a shift from dry to humid conditions, and it is again explained by a contraction 
of the polar vortex, resulting in tropical circulations influencing the area (Holmgren et al., 
2003). 
All these records show evidence of a poleward contraction of the polar vortex 
for several thousand years after 8.0 ka BP, resulting in a southward shift of Southern 
Hemisphere climate belts. Indeed, the simulation results show a centennial-scale warming 
of the Southern Hemisphere that could result in such a shift (Fig. 2.7). However, the 
EMHT is characterized as a clear transition, and not as a short event. The 8.2 ka event in 
the Northern Hemisphere may have been a trigger for this shift, but still the relationship 
between the EMHT and the 8.2 ka event remains unclear.
2.4 Discussion
2.4.1 Geographical distribution and expression of data
If we look at the geographical distribution pattern of the locations where a change in 
climate during the 8.2 ka event can be observed (Fig. 2.7), we see a clear concentration 
of records in the Northern Hemisphere. Moreover, records reflecting a cooling are mainly 
concentrated in the circum-North Atlantic area, although no records from the western 
North Atlantic Ocean have recorded the event. The North Atlantic region has a climate 
that is directly influenced by the North Atlantic surface water temperature and sea-ice 
extent. The magnitude of the cooling, inferred from proxy data, is around 7ºC in Greenland 
(Leuenberger et al., 1999), -1.7ºC in southern Germany (von Grafenstein et al., 1999) 
decreasing to around -0.5ºC in the Mediterranean (Cacho et al., 2001). This magnitude, 
and the thermal gradient to the south, is generally consistent with our simulation results 
(Fig 2.7a, b; Table 2.1). Locations where a change in precipitation is recorded are spatially 
more variable compared to the temperature response, as there is no obvious latitudinal 
gradient (Fig. 2.8). Records from central Greenland, Europe, East Asia and the monsoon 
regions of Africa and India and Middle America reflect a dry response.  The Alps, on the 
other hand, reflect a wet response to the event. 
We interpret the cooling to have resulted from increased sea-ice cover in the 
Nordic Seas, induced by reduced convection in the area, leading to a steeper thermal 
gradient between high and low latitudes. The corresponding decrease in precipitation at 
high latitudes (Europe, North Atlantic Ocean, Asia and North America) is associated with 
modifications to atmospheric circulation, which are mostly related to an increase in the 
meridional temperature gradient (Renssen et al., 2002). 
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The increase in meridional temperature gradient is largest in boreal winter. We 
interpret that this leads to intensified Hadley Cell circulation and an associated increase 
in ITCZ precipitation in the southern low latitudes. It is the same intensification of the 
Hadley Cell circulation that has been interpreted as leading to strengthened trade winds, as 
interpreted from sedimentary records in Cariaco Basin (Hughen et al., 1996), the Gulf of 
California (Barron et al., 2004), and possibly Indonesia (Gagan et al., 2002). Furthermore, 
we interpret the observed and modeled decreased monsoon precipitation in Northern Africa 
and India to be caused by colder, and therefore less humid air from the North Atlantic and 
Indian Ocean in boreal summer. The wet response during the 8.2 ka event, reported from 
the Alpine lakes in Europe, is explained by Magny et al. (2003) as increasing cyclonic 
activity over the area consecutive to a southward displacement of the Atlantic Westerly 
Jet and a stronger thermal gradient between high and low latitudes. Such a response is 
not simulated, and the humid response is probably of local origin with dimensions too 
small to be simulated in the ECBilt-CLIO model. Another explanation could be that the 
observed decrease in temperature can have a negative effect on evaporation rates leading 
to a lake-level rise.
For a majority of the Southern Hemisphere, the predicted rise in temperature of no 
more than ~0.2ºC is too small to exceed the natural variability in the records. Therefore, 
the lack of a signal in Southern Hemisphere high-resolution records is consistent with the 
simulation results. The warming of more than 2ºC inferred from the deuterium record in 
the Vostok ice core may be an expression of the bipolar seesaw effect, but in that case 
much more pronounced than our simulation predicted for this site. Several records from 
the southern hemisphere show evidence for a contraction of the Antarctic polar vortex 
around 8.0 ka BP, associated with a shift to relatively warm conditions around Antarctica, 
but the relationship between this EMHT and the 8.2 ka event remains unclear.
Our simulation, in which the only forcing factor was a freshwater perturbation 
in the Labrador Sea, predicts the distribution identified by proxy-data, and supports 
the hypothesis that the 8.2 ka event was caused by a THC slowdown due to freshwater 
additions. Furthermore, on the basis of earlier simulation experiments, it can be argued that 
forcing by changes in solar activity or volcanic eruptions would lead to other signatures 
(Rind and Overpeck, 1993): Forcing by a reduction in solar irradiance results in a 
worldwide cooling, best pronounced in the tropics. In addition, the surface temperature 
reduction would be largest in central Eurasia and becomes less towards the Atlantic Ocean. 
Furthermore, the cooling in the tropics would lead to a reduction in the tropical portion of 
the Hadley circulation that leads to increased subtropical precipitation. All these responses 
are opposite to what we observe in the geographical distribution and expression of the 
proxy-records. However, there are some indications that a reduction in solar irradiance 
could lead to a THC-weakening (Goosse et al., 2002), in which case a global cooling 
signal would be expected with the largest temperature reduction in the circum-Atlantic 
region.
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Figure 2.9: Map showing locations for sites used in this study, numbers are assigned to each site 
according to Table 2.1. 
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2.4.2 The 8.2 ka event compared to the Younger Dryas stadial
In the Greenland ice cores, the Younger Dryas (YD) stadial lasts from ~13 to 11.5 cal. 
ka BP and exhibits a δ18O amplitude about twice that of the 8.2 ka event. YD cooling has 
been assigned to a THC slowdown (e.g. Broecker et al., 1985, 1988, 1989) but, unlike the 
8.2 ka event, climate changes have been recorded globally (e.g. Thompson et al., 1998; 
Mulvaney et al., 2000; Singer et al., 1998). Northern hemisphere records display a distinct 
cooling while southern hemisphere records show a period of warming (e.g. Blunier et 
al., 1998; Mulvaney et al., 2000; Singer et al., 1998). In the northern hemisphere, the 
distribution pattern of the event is similar to that of the 8.2 ka event, i.e. with a cool 
and dry circum-North Atlantic area (Alley, 2000), a wet response in the Alps (Magny et 
al., 1999), dry monsoon regions (Gasse and van Campo, 1994) and stronger trade-winds 
(Hughen et al., 1996). In Antarctica, the YD is characterized by a slight warming (Blunier 
et al., 1998; Mulvaney et al., 2000). Therefore, it appears that the observed YD climate 
changes are an expression of the bipolar seesaw effect (e.g. Crowley, 1992), similar to 
which we simulated for the 8.2 ka event, but recorded globally as a result of its larger 
amplitude and duration.
2.5 Conclusions
The observed expression and distribution of the 8.2 ka event in proxy data is captured 
reasonably well by the model. Cooling mainly occurs in Europe, Greenland, North 
America, and the eastern North Atlantic Ocean, while reductions in precipitation are 
mainly observed in Europe, Greenland, North Africa and East Asia. Moreover, the general 
agreement between the high-resolution records and the simulation results suggests that the 
forcing applied in the model and in the ‘real-world’ were similar. 
There remains some uncertainty in the interpretation of proxy-data and in the 
chronologies. However, the number of reviewed records reflecting anomalous changes 
around the 8.2 ka event is so large, that we think there is a solid basis for reconstructing a 
spatial pattern of paleoclimatic conditions.
To further extend our knowledge of the Holocene climate and forcing mechanisms 
within this period, we think it is necessary to map other Holocene events as well. Model 
data comparisons of events like the Little Ice Age or the cold period ~2.7 cal. ka BP, 
which are both thought to be caused by a decrease in solar irradiance, may shed a light on 
the mechanisms involved in such events. In addition, a model – data analysis of the large 
variations in lake levels that have been recorded in African lakes, during the Holocene, 
could improve our understanding of the sensitivity of the monsoons to varying forcings. 
Model – data comparisons of event evolution and magnitude is a promising method to 
test a model, and, on the other hand, to look in detail at what happened climatologically 
at a specific location. It is expected that the ongoing development of coupled climate 
models and computing resources will allow for transient simulations of climatic events to 
be performed routinely. 
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Chapter 3
Evaluation of different freshwater forcing sce-
narios for the 8.2 ka event in a coupled climate 
model
Ane Wiersma, Hans Renssen, Hugues Goosse and Thierry Fichefet
Abstract
To improve our understanding of the mechanism causing the 8.2 ka event, we investigated 
the response of ocean circulation in the ECBilt-CLIO-VECODE (version 3) model to 
various freshwater fluxes into the Labrador Sea. Starting from an early Holocene climate 
state we released freshwater pulses varying in volume and duration based on published 
estimates. In addition we tested the effect of a baseline flow (0.172 Sv) in the Labrador 
Sea to account for the background-melting of the Laurentide ice sheet on the early 
Holocene climate and on the response of the overturning circulation. Our results imply 
that the amount of freshwater released is the decisive factor in the response of the ocean, 
while the release duration only plays a minor role, at least when considering the short 
release durations (1 yr, 2 yr and 5yr) of the applied freshwater pulses. Furthermore, the 
experiments with a baseline flow produce a more realistic early Holocene climate state 
without Labrador Sea Water formation. Meltwater pulses introduced into this climate 
state produce a prolonged weakening of the overturning circulation compared to an early 
Holocene climate without baseline flow, and therefore less freshwater is needed to produce 
an event of similar duration.
Based on :
Wiersma, A.P., Renssen, H., Goosse, H. and Fichefet, T., 2006. Evaluation of different 
freshwater forcing scenarios for the 8.2 ka BP event in a coupled climate model. Climate 
Dynamics, 27(7-8): 831-849.
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3.1 Introduction
During the early Holocene from 11.5 to 7 cal. ka BP (hereafter ka BP), the remaining glacial 
ice-sheets melted under the warm climate conditions. Due to regional geography in North 
America, part of the melt-water collected in huge proglacial lakes south of the retreating 
Laurentide Ice-Sheet (LIS), the so-called Laurentide lakes. The remnant LIS formed a 
massive ice-dam, which prevented the lakes from draining into the North Atlantic Ocean 
(e.g. Upham, 1896; Veillette, 1994; Clarke et al., 2004). Between 9 and 8 ka BP, collapse 
of the ice-dam became unavoidable, thereby releasing a huge amount of melt-water into 
the Hudson Bay. 
The timing of the collapse of the ice-dam and the subsequent draining of the 
Laurentide lakes is estimated at ~8.47 ka BP (Barber et al., 1999), and considering dating 
uncertainties, this coincides with the start of the most pronounced cold period recorded 
in the North Atlantic area, the so called 8.2 ka event (e.g. Alley et al., 1997; Barber et 
al., 1999). Several investigators linked the two events, suggesting that the drainage of 
the Laurentide Lakes caused the 8.2 ka event (e.g. Klitgaard-Kristensen et al., 1998; 
von Grafenstein et al., 1998; Barber et al., 1999). The proposed mechanism is that the 
freshwater slowed down the Meridional Overturning Circulation (MOC) by preventing 
dense water to sink in the North Atlantic Ocean and thereby reducing the northward heat 
transport to the North Atlantic region. Such a collapse of the MOC is also observed during 
Heinrich events (Elliot et al., 2002; Keigwin and Lehman, 1994), and in modelling studies 
in which the modern North Atlantic is perturbed with freshwater (e.g. Stocker and Wright, 
1991; Manabe and Stouffer, 1995; 1997; Vellinga and Wood, 2002).
In recent years, widely varying estimates of the involved freshwater pulse have 
been published (Table 3.1), ranging from 0.3 to 5.0x1014 m3. A comprehensive study by 
Leverington et al. (2002) produced an estimate of 1.63 x 1014 m3 based on bathymetric 
models. To constrain the magnitude and duration of the flood, Clarke et al. (2004) 
simulated flood hydrographs for lake discharge for different drainage routes and from 
different filling levels, and found that the draining of the Laurentide Lakes had a typical 
duration of less than a year with peak discharge rates up to 9 Sv (1Sv = 106 m3/s). The total 
water volume available for drainage for the different drainage routes ranged from 0.40 x 
1014 m3 - 1.51 x 1014 m3. Surprisingly, several hydrographs revealed a multi-pulse structure 
and in none of the experiments the lakes drained completely. Even in the scenario with 
the largest drained volume, less than half of the total available volume of the lake drained. 
However, Clarke et al. (2004) only accounted for subglacial outburst flooding. They could 
not rule out physical failure of the LIS, collapse of the ice roof of subglacial channels and 
a supraglacial flood mechanism as additional freshwater sources (Sharpe, 2005; Clarke et 
al., 2005). Consequently, the released volume and drainage duration may have been larger 
than suggested by Clarke et al. (2004).
Complete or partial physical failure of the LIS would have led to the release of an 
additional volume of ice, in addition to the lake water. Based on maps of Dyke and Prest 
(1989), von Grafenstein et al. (1998) even suggested that one third of the LIS may have 
been released into the Labrador Sea as floating ice and roughly estimates that 5 x 1014 m3 of 
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meltwater from the lakes and the ice sheet was released. However, Törnqvist et al. (2004) 
showed recently that the maximum sea-level rise following the lake drainage is 1.19 m, 
implying that the total volume of meltwater and ice cannot have exceeded 4.3 x 1014 m3. 
Still, despite this maximum constrain, the actual volume of meltwater that was released 
remains highly uncertain (Table 3.1), especially since the contribution of the Laurentide 
Ice Sheet, from which a substantial part disappeared between 7.8 and 7.2 14C ka BP (~8.6 
– 8.0 ka BP, Dyke, 2003), is still unclear. On the floor of the Hudson Bay, however, there 
is evidence for drifting ice bergs during the discharge: a large area with iceberg scours is 
present, probably originating from grounded icebergs that were mobilized by fast-flowing 
water (Josenhans and Zevenhuizen, 1990; Dyke, 2003). In addition, peaks in ice-rafted 
detritus (IRD) in several marine cores in the Atlantic Ocean around 8.2 ka BP (e.g. Bond et 
al., 2001; Moros et al., 2004) suggest the drifting of icebergs, but on the other hand these 
IRD peaks may also reflect the 8.2 ka cooling. 
When the Laurentide lakes drained in the early Holocene, the Atlantic Ocean 
circulation was different from the present. From micropaleontological data and stable 
isotopes on both planktonic and benthic foraminifera, Hillaire-Marcel et al. (2001) 
concluded that deep water formation in the Labrador Sea was absent during the last glacial 
cycle and only started at 7 ka BP. This means that Labrador Sea Water (LSW) formation 
was probably absent at the time of the lake discharge around 8.47 ka BP. In a modeling 
study focused on Holocene North Atlantic deep-water formation, Renssen et al. (2005a) 
performed an experiment forced only by changes in orbital forcing and atmospheric trace 
gas concentrations for the last 9,000 years. They found that the LSW formation was 
weaker in the early Holocene than at present. However, in this study, a complete shutdown 
of LSW formation in the early Holocene was not simulated under the imposed forcings. 
Authors Freshwater volume (1014 m3)
von Grafenstein et al. (1998) 5 
deVernal (1997) 1.2 
Leverington et al. (2002) 1.63 
Barber et al. (1999) ~2 
Törnqvist et al. (2004) < 4.3 
Veillette (1994) ~2.28
Clarke et al. (2004) 0.279 to 0.708
Modeling papers:
Bauer et al. (2004) 1.6 
Renssen et al. (2001) 4.67 
This paper 1.63 
3.26
4.89 
 
Table 3.1: Estimates of the volume of freshwater that was released during the collapse of the rem-
nant Laurentide ice sheet previous to 8.2 ka BP.
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This was probably related to a relatively high surface salinity in the Labrador Sea in the 
early Holocene, since the effect of the melting LIS (i.e. the associated freshwater flux) was 
not included in the experiments (Renssen et al., 2005a). The latter conclusion is consistent 
with Cottet-Puinel et al. (2004), who simulated an early Holocene shutdown of LSW 
formation in a transient model run including the freshwater runoff of the LIS.
Recently, several attempts have been made to simulate the 8.2 ka event. Renssen et 
al. (2001, 2002) introduced pulses of freshwater into the Labrador Sea under early Holocene 
boundary conditions, using version 2 of the ECBilt-CLIO climate model. A scenario with 
a fresh water pulse of 4.67x1014 m3 during 20 years resulted in a cold period comparable 
to the 8.2 ka event as reconstructed from proxy-evidence (Wiersma and Renssen, 2006). 
Later, Bauer et al. (2004) simulated the event with the CLIMBER-2 model, by introducing 
a two-year pulse of 1.6x1014 m3 fresh-water into the North Atlantic Ocean between 50ºN 
and 70ºN, also in an early Holocene climate. The experiment produced a short-term cooling 
of 20–year duration. Additionally, Bauer et al. (2004) experimented with a freshwater flux 
representing the background melting LIS (the so-called baseline flow). This baseline flow 
weakened the MOC, which promoted collapse of the NADW formation after introducing 
the same freshwater pulse of 1.6x1014 m3, in some scenarios resulting in a cooling lasting 
two centuries.
Altogether, the specific conditions that probably led to the 8.2 ka event remain 
uncertain. The latest estimates suggest that the released meltwater volume during the 
collapse of the LIS was between 0.279 x 1014 m3 (Clarke et al., 2004) and 4.3 x 1014 m3 
(Törnqvist et al., 2004) and that the release duration was short, and estimates range from 
between 1 and 10 years (Licciardi et al., 1999) to even less than a year (Clarke et al. 2004; 
Barber et al., 1999).
Knowing these specific conditions for the 8.2 ka event provides crucial information 
on the sensitivity of the MOC to perturbations (e.g. Schlessinger, 2005). In this study, 
we investigate the influence of varying magnitude and duration of the freshwater pulse 
on the response of the MOC in version 3 of the ECBilt-CLIO-VECODE model while 
previous modeling studies experimented with a constant volume (Bauer et al., 2004), 
and unrealistic release durations (i.e., 10 year or more, Renssen et al., 2001, 2002). In 
contrast to the previous study of Bauer et al. (2004), our model allows us to investigate 
the spatial response of the ocean to this forcing. Furthermore, we investigate the influence 
of a baseline flow due to the LIS melting on the early Holocene climate as in Bauer et al. 
(2004), and its influence on the MOC’s response to the varying freshwater perturbations. 
This provides information on the sensitivity of the MOC to these factors (i.e. freshwater 
volume, discharge rate, baseline flow or initial conditions) as well as their share in the 
evolution of the 8.2 ka event. 
3.2 The ECBilt-CLIO-VECODE model
We have performed our experiment with version 3 of the ECBilt-CLIO-VECODE 
model, a global, three-dimensional climate model of intermediate complexity. The model 
consists of an oceanic, sea-ice, atmospheric, and vegetation component. The atmospheric 
component is version 2 of ECBilt, a spectral quasi-geostrophic model with three levels 
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and T21-resolution developed at the Koninklijk Nederlands Meteorologisch Instituut 
(KNMI) (Opsteegh et al. 1998). ECBilt includes a representation of the hydrological cycle 
and simple parameterizations of the diabatic heating processes. Cloudiness is prescribed 
according to present-day climatology (Rossow et al. 1996) and a dynamically passive 
stratospheric layer is included. As an extension to the quasi-geostrophic equations, 
an estimate of the neglected terms in the vorticity and thermodynamic equations is 
incorporated as a temporally and spatially varying forcing (Opsteegh et al. 1998). This 
forcing is computed from the diagnostically derived vertical motion field, leading to a 
considerable improvement of the simulation of the Hadley circulation and resulting in 
a drastic improvement of the strength and position of the jet stream and transient eddy 
activity. The hydrological cycle is closed over land by using a bucket for soil moisture. 
Each bucket is connected to a nearby oceanic grid cell to define river runoff. Accumulation 
of snow occurs in case of precipitation in areas with below 0ºC surface temperature. 
Greenhouse gases are incorporated directly into the model, and not as equivalent CO2.
The sea-ice - ocean component is CLIO (Goosse and Fichefet, 1999), a primitive-
equation free-surface ocean general circulation model (OGCM) (Deleersnijder and 
Campin, 1995; Campin and Goosse, 1999) coupled to a comprehensive sea-ice model with 
a representation of both thermodynamic and dynamic processes (Fichefet and Morales 
Maqueda, 1997) that was developed at Université Catholique de Louvain (Goosse and 
Fichefet, 1999). The ocean model includes a detailed formulation of boundary layer mixing 
based on Mellor and Yamada’s (1982) level-2.5 turbulence closure scheme (Goosse et al., 
1999) and a parameterization of density-driven down-slope flows (Campin and Goosse, 
1999). The sea-ice model takes into account the heat capacity of the snow - ice system, 
the storage of latent heat in brine pockets trapped inside the ice, the effect of the sub-grid 
scale snow and ice thickness distributions on sea-ice thermodynamics, the formation of 
snow ice under excessive snow loading and the existence of leads within the ice cover. 
Ice dynamics are calculated by assuming that sea ice behaves as a 2-dimensional viscous-
plastic continuum. The horizontal resolution of CLIO is 3º latitude by 3º longitude, and 
there are 20 unequally spaced vertical levels in the ocean.
The vegetation module VECODE, a dynamic global vegetation model developed at 
the Potsdam Institut für Klimafolgenforschung (PIK) (Brovkin et al. 2002), was recently 
coupled to ECBilt-CLIO. VECODE simulates dynamics of two main terrestrial plant 
functional types, trees and grasses, as well as desert (bare soil), in response to climate 
change. Within ECBilt-CLIO-VECODE, simulated vegetation changes affect only the 
land-surface albedo, and have no influence on other processes, e.g., evapotranspiration or 
roughness length. 
Compared to earlier versions, the present model simulates a climate that is closer 
to modern observations. The most important improvements in the new version are a new 
land surface scheme that takes into account the heat capacity of the soil, and the use of 
isopycnal diffusion as well as the Gent and McWilliams parameterization to represent 
the effect of meso-scale eddies in the ocean (Gent and McWilliams 1990). The climate 
sensitivity of ECBilt-CLIO is about 0.5ºC/(W/m2), which is at the lower end of the range 
(typically 0.5–1º/(W/m2)) found in most coupled climate models (Cubasch et al. 2001). 
The only flux correction required in ECBilt-CLIO is an artificial reduction of precipitation 
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over the Atlantic and Arctic Oceans, and a homogeneous distribution of the removed 
amount of freshwater over the Pacific Ocean (Goosse et al. 2001).
Version 3 of the ECBilt-CLIO model was recently applied by Knutti et al. (2004) to 
study the impact of freshwater discharges on the climate during the last glacial stage, but 
also in experiments investigating Holocene climate evolution (e.g. Renssen et al., 2005a; 
2005b) and in studies covering the last millennium (e.g. Goosse et al., 2005). Version 2 
of the model was used earlier for the simulation of the 8.2 ka event (Renssen et al., 2001, 
2002) and a variety of other applications, i.e. to simulate aspects of the present-day climate 
(Goosse et al., 2001; 2003), natural variability of the modern climate (Goosse et al., 2002) 
and future climate evolution (Goosse and Renssen, 2001; Schaeffer et al., 2002). The 
improvements and updates in model version 3 lead to important differences with model 
version 2 that was used by Renssen et al. (2001; 2002) to study the 8.2 ka event. In contrast 
to version 2, when run with modern forcings, the new version simulates deep convection 
in the Labrador Sea in agreement with observational estimates, and also the strength of 
overturning in the Greenland-Iceland-Norwegian (GIN) seas is greatly reduced to more 
realistic values of <4 Sv (compared to ~17 Sv in version 2). Under pre-industrial climate 
conditions, the maximum of the North Atlantic overturning circulation is in present model 
version ~27 Sv, ~13 Sv of NADW is exported southward at 20ºS and the meridional heat 
transport at 30ºS is 0.33 PW.
More detailed information about ECBilt-CLIO-VECODE and its climatology 
can be found on the models website (http://www.knmi.nl/onderzk/CKO/ecbilt.html). In 
particular, a description of the differences between ECBilt-CLIO version 2 and 3 is also 
available on this website (http://www.knmi.nl/onderzk/CKO/differences.html).
3.3 Early Holocene reference climate
3.3.1 Experimental setup
To simulate the early Holocene climate state, we adjusted several boundary conditions to 
their 8.5 ka BP values. Atmospheric greenhouse gas concentrations were adjusted to their 
8.5 ka BP values inferred from ice-cores analyses by Raynaud et al. (2000) (i.e., CO2 = 
261 ppmv, CH4 = 650 ppbv and N2O = 270 ppbv). Orbital parameters were adjusted to 
represent 8.5 ka BP insolation conditions (Berger and Loutre, 1991; Berger, 1992), with 
higher insolation values in the northern hemisphere in boreal summer and lower insolation 
values in boreal winter compared to present-day values. We accounted for a remnant 
Laurentide Ice Sheet by increasing the surface albedo and elevation of the concerned 
grid-cells according to the Peltier (1994) reconstruction (assuming a deglaciated Hudson 
Bay).
The model was run for 850 years with these 8.5 ka BP boundary conditions until 
it reached a quasi-equilibrium in the deepest ocean layer (dT/dt < 0.0002ºC/100yr). The 
results from the last 100 years of this experiment are used in this paper to analyse the early 
Holocene quasi-equilibrium climate state without baseline flow (EHequi). 
In addition to this early Holocene quasi-equilibrium state, we investigated the effect 
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of the background LIS melting by introducing a baseline flow (Bauer et al., 2004) into the 
Labrador Sea (ECBilt gridcell centered around 53.5 ºN and 50.5ºW), starting from EHequi. 
Before the lake discharge this baseline flow is reconstructed to have amounted to 0.15 Sv, 
increasing to 0.172 Sv after the discharge (Licciardi et al., 1999; Teller et al., 2002). We 
used the latter value as the baseline flow magnitude during the course of this experiment. 
The model was run for 900 years in this configuration until the temperature of the deepest 
ocean layer was quasi-stable (dT/dt < 0.01ºC/100yr). The results from the last 100 years 
of this experiment are used in this paper to analyse the early Holocene quasi-equilibrium 
climate state with a baseline flow (EHBLF). It should be noted that experiments including 
a baseline flow into the Labrador Sea are not considered equilibrium climate states, since 
we add water to the ocean which slowly reduces salinity. However, this is analogous to 
the early Holocene situation of a melting remnant ice-sheet. A consequence is, that in the 
EHBLF experiments, the global mean ocean salinity is 0.1 psu lower than in the EHequi 
experiments at the end of the early Holocene equilibrium runs. 
3.3.2 Impact of the baseline flow on the early Holocene climate
In the EHequi experiments, deep convection occurs in the Nordic Seas, the Irminger Sea 
and in the Labrador Sea (Fig. 3.1a). In this state, the maximum North Atlantic overturning 
is 24 Sv (Fig. 3.1b). This state is very close to the one simulated by the model for pre-
industrial conditions, with only a weak decrease of the intensity of the MOC for the early 
Holocene. The introduction of the baseline flow in the early Holocene climate causes the 
Labrador Sea convection depth to greatly decrease by more than 500 m in February (Fig. 
3.1 c and e) and subsequently LSW formation to almost shutdown. This is consistent with 
proxy-data suggesting no LSW formation during the early Holocene (Hillaire-Marcel et 
al., 2001). The near absence of LSW formation as a result of the baseline flow causes 
a reduction in maximum North Atlantic overturning of more than 7 Sv and a shallower 
NADW cell (Fig. 3.1 d and f). Overturning in the GIN Seas is almost unaffected by the 
baseline freshwater input in the Labrador Sea, and decreases from 3.3 Sv in EHequi to 
3.2 Sv in EHBLF. In terms of NADW export, only 10.8 Sv crosses at 20ºS in EHBLF 
compared to 13.8 Sv in EHequi. 
The reduced overturning in the North Atlantic leads to a decrease in meridional 
heat transport, at 30ºS a decrease of 21% from 0.33 PW in EHequi to 0.26 PW in EHBLF. 
Since deep convection almost ceased in the Labrador Sea, the effect of this decreased heat 
flux is mostly visible here, leading to ~2ºC cooler conditions (Fig. 3.2). 
3.4 Freshwater perturbation experiments
3.4.1 Experimental setup
We perturbed both early Holocene climate states (EHequi and EHBLF) by releasing 
freshwater pulses into the Labrador Sea (ECBilt gridcell centered around 53.5 ºN and 
50.5ºW), varying in volume and duration. It is assumed that the temperature of the 
discharged freshwater is identical to the sea surface temperature at the spot of discharge. 
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Figure 3.1: Mean February convection depth (m) (left) and the annual mean maximum overturning 
streamfunction (Sv) for the initial early Holocene climate states (right) for: a and b EHequi , c and 
d EHBLF and e and f  the difference between the two (EHBLF minus EHequi).
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Table 3.2 summarizes the different performed experiments schematically. The “single 
volume” of 1.63 x 1014 m3 is based on the estimate by Leverington et al. (2002). The 
“double volume” corresponds to a total volume of 3.26 x 1014 m3 to take into account that 
some ice could have been released too because of the freshwater discharge. Note that the 
“triple volume” scenario of 4.89 x 1014 m3 is an amount that even exceeds the maximum 
set by Törnqvist et al., 2004 and is not realistic for an 8.2 ka event simulation, but it is used 
here to assess how close the Atlantic overturning is to a collapse or shift to an intermediate 
stable state. It is also near the value used by Renssen et al. (2001, 2002). Every experiment 
(with same volume and duration of the freshwater pulse) was performed 5 times (i.e. 
5 ensemble members), each with different initial conditions, which were obtained by 
taking samples every 10 years from a continuation of the early Holocene experiment. The 
ensemble members have been labeled “a” to “e”. After the freshwater perturbation, the 
experiments were continued in the configuration of before the pulse.
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Figure 3.2: Mean annual sea surface temperature anomaly (ºC) of the EHBLF state compared to 
the EHequi state.
Volume /
Duration
single volume
1.63 * 10 14 m3
double volume
3.26 * 10 14 m3
triple volume
4.89 * 10 14 m3
1 yr X
2 yr X X
5 yr X X X
Table 3.2: Schematic presentation of the different freshwater perturbation experiments 
that were performed from the control climates of EHequi and EHBLF. All experiments 
consist of 5 ensemble members.
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In the next paragraphs, we will first describe the results of the freshwater 
perturbation experiments of the EHequi climate state, then the freshwater perturbations 
of the EHBLF climate state and finish with a comparison between the experiments. We 
describe the ensemble mean of the different experiments, implying that the variability is 
averaged out and that the maximum magnitude of the different ensembles is mostly larger 
than the mentioned ensemble mean values.
3.4.2. MOC response to freshwater perturbations in EHequi
In all experiments, the maximum North Atlantic overturning weakens sharply after the 
introduction of the freshwater pulses (Fig. 3.3 a-f). In contrast to earlier studies however 
(Renssen et al., 2001, 2002; Bauer et al., 2004), the different ensemble members show 
similar responses of the strength of the MOC, which suggests that the forcing implied 
by the freshwater does not push the MOC over a threshold that could cause a shift to an 
intermediate stable state. This results in a more predictable response of the strength of the 
MOC to the freshwater perturbations, compared to Renssen et al. (2001, 2002) and Bauer 
et al. (2004), where the timing of recovery from the intermediate stable was unpredictable. 
Furthermore, the response of the strength of the MOC in experiments in which an equal 
volume of freshwater is released (i.e. Fig. 3.3 a, b and d; Fig. 3.3 c and e) is comparable, 
regardless of the duration of the pulse. The shape of the weakened state of the strength 
of the MOC in the single volume scenarios (EHequi1, EHequi2 and EHequi5) consists of 
an immediate sharp reduction, followed by a fast acceleration back to near-normal values 
around the year 125, before gradually recovering to pre-perturbed values within 100 years. 
This weakening leads to an average decrease in meridional heat transport at 30ºS of up to 
0.1 PW (30%) that gradually recovers within the same time span. In the double volume 
scenarios (EHequi2d and EHequi5d), MOC strength weakens sharply again, followed by 
an acceleration back to values around ~23 Sv, from which the MOC strength gradually 
recovers back to pre-perturbed values within ~120 years after the freshwater perturbation. 
The meridional heat transport at 30ºS is reduced by up to 0.15 PW (47%), before gradually 
recovering to normal values within the same time span as the strength of the MOC. In the 
triple volume scenario (EHequi5t), the weakening of the MOC strength behaves in a similar 
way as in the double volume scenarios, but lasts ~150 years and the fast acceleration stops 
at values of ~17 Sv before gradually recovering from this point. Meridional heat transport 
at 30ºS is reduced by 0.18 PW (65%). In all scenarios, the reduction of the MOC strength 
consists of a spike that lasts around 20 years, followed by a gradual recovery of which the 
duration depends on the released volume and is therefore most pronounced in the double 
and triple scenarios. Surprisingly, the minimum value of the North Atlantic overturning 
strength in the different perturbation scenarios varies only moderately from ~17 Sv for the 
single pulse scenario to ~14 Sv for the triple pulse scenario. The probable cause for this 
is that in all scenarios, overturning strength decreases in the Labrador Sea and Irminger 
Sea during this period, and is relatively unaffected elsewhere. Therefore it appears that 
the different scenarios have mainly an influence on the duration of the weakening of the 
overturning, and less on the magnitude.
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3.4.3 MOC response to freshwater perturbations in EHBLF
Also in the EHBLF freshwater perturbation experiments, the maximum North Atlantic 
overturning strength decreases after the introduction of the freshwater pulses (Fig. 3.4 a-f). 
Again, the response of the MOC is similar for the ensemble members, although in EHBLF2, 
EHBLF2d and EHBLF5t one ensemble member is slightly offset (Fig. 3.4). Main factor 
in the duration, magnitude and shape of the response is again freshwater volume, while 
the duration of the freshwater pulse is only of minor importance. In the single volume 
scenarios (EHBLF1, EHBLF2 and EHBLF5), MOC strength weakens sharply to values 
of ~15 Sv, followed by an acceleration back to values of ~18 Sv at around 25 years after 
the introduction of the freshwater. From this point on the MOC strength slows down again 
followed by a gradual recovery until ~160 years after the introduction of the freshwater 
pulse, after which an indistinct century-long recovery back to pre-perturbed values occurs. 
The average meridional heat transport in the ocean at 30ºS reduces by 0.08 PW (30%) 
gradually recovering to normal conditions within the same time span as the MOC strength. 
For the double volume scenarios (EHBLF2d and EHBLF5d), the weakened MOC state 
lasts around 250 years coinciding with a maximum average decrease in meridional heat 
transport at 30ºS of up to 0.13 PW (50%). The shape of the MOC strength reduction is 
similar to the single volume scenarios, except that the acceleration stops at values of ~16 
Sv and that there is only one gradual recovery back to pre-perturbed values. The triple 
volume scenario (EHBLF5t) produces a weakened North Atlantic overturning state during 
~330 years, coinciding with a reduced meridional heat transport at 30ºS of up to 0.17 PW 
(65%) that gradually recovers back to normal values within the same time span. The shape 
of the response of the MOC consists of a spike that lasts around 25 years as in some of the 
experiments by Bauer et al. (2004), but in our experiments followed by a gradual recovery 
in all scenarios. The lowest rate of maximum overturning only varies from ~15 Sv for the 
single pulse scenario to ~12 Sv for the triple pulse scenario.
3.4.4 Comparison between MOC response to freshwater perturbations in         
EHequi and EHBLF
If we compare the results for the response of the strength of the MOC, the most important              
difference is the prolonged weakening for the experiments with a baseline flow, while the 
difference in the minimum value of the maximum North Atlantic overturning is small. The 
similarity of these minima is related to the Labrador Sea and Irminger Sea being the main 
areas of deep water formation that are affected during the first period after the perturbation. 
The decrease in meridional heat transport at 30ºS is similar for the EHequi and EHBLF 
scenarios, although EHBLF starts from a lower initial value. In both experiments (EHequi 
and EHBLF) the volume of the freshwater pulse is much more important for the response 
of the MOC strength than is the duration in which the freshwater is released, at least for 
the relatively short release durations (i.e. 1, 2 and 5 years) that are tested here. 
The different ensemble members show a slightly higher variability of the response 
of the MOC strength in the EHBLF experiments, sometimes resulting in a prolonged 
weakening of more than 100 years (EHBLF2d). However, there is no indication for an 
intermediate stable state of the MOC as Bauer et al. (2004) and Renssen at al. (2001; 
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2002) found in their experiments (for differences, see section 3.6).
3.5 Discussion: comparison between perturbed EHequi and EHBLF
In this section we explore the response of the climate system to the perturbations in the 
different experiments in detail by comparing the results of the first ensemble members of 
EHequi and EHBLF, both perturbed with a 5-year freshwater pulse of double volume. We 
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Figure 3.3: Maximum North Atlantic overturning (Sv) (upper line, dark shading, left axis) and me-
ridional heat transport (PW) in the oceans at 30°S (lower line, light shading, right axis) for the dif-
ferent perturbation scenarios of an early Holocene climate without a baseline flow. The freshwater 
pulse is introduced at t=100. The grey lines represent the 5 ensemble members of the experiments 
and the black line is the ensemble mean. a) one year pulse of 1.63*1014 m3 freshwater, b) 2 year pulse 
of 1.63*1014 m3 freshwater, c) 2 year pulse with 3.26*1014 m3 freshwater, d) 5 year pulse of 1.63*1014 
m3, e) 5 year pulse of 3.26*1014 m3, f) 5 year pulse of 4.89*1014 m3.
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will refer to these particular experiments as EHequi5d-a and EHBLF5d-a, respectively. 
Reason for choosing ensemble members from these particular 5-year pulse scenarios is 
that for both the MOC strength response is clear and century scale, enabling us to analyze 
the processes involved with the MOC strength weakening. However, since the response of 
the different ensemble members to the freshwater pulse is very comparable, the succession 
of events in these particular experiments is also representative for the other ensemble 
members. 
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Figure 3.4: Maximum North Atlantic overturning (Sv) (upper line, dark shading, left axis) and 
meridional heat transport (PW) in the ocean at 30°S (lower line, light shading, right axis) for the 
different perturbation scenarios of an early Holocene climate with a baseline flow. The freshwater 
pulse is introduced at t=100. The grey lines represent the 5 ensemble members of the experiments 
and the black line is the ensemble mean. a) one year pulse of 1.63*1014 m3 freshwater, b) 2 year pulse 
of 1.63*1014 m3 freshwater, c) 2 year pulse with 3.26*1014 m3 freshwater, d) 5 year pulse of 1.63*1014 
m3, e) 5 year pulse of 3.26*1014 m3, f) 5 year pulse of 4.89*1014 m3.
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3.5.1 Response of the ocean
Within two decades after the introduction of the freshwater pulse, overturning in the GIN 
seas decreases sharply to a value of about two thirds of its pre-perturbed value (Fig. 3.5 a 
and b). In the EHequi5d-a scenario, a gradual recovery starts immediately 20 years after 
the perturbation (Fig. 3.5a), while in the EHBLF5d-a scenario the decreased overturning 
oscillates around low values for ~30 years before recovering gradually (Fig. 3.5b). The 
average value for the overturning in the GIN seas in the control climate is very similar for 
the two scenarios. As already described in the former section, the overturning in the North 
Atlantic immediately decreases sharply after the introduction of the freshwater pulse in 
EHequi5d-a and EHBLF5d-a (Fig. 5 c and d). The average value for the maximum North 
Atlantic overturning in the control climate is ~7 Sv lower in EHBLF5d-a, but the lowest 
overturning value after the perturbation is only ~2 Sv less than in EHBLF5d-a. After the 
abrupt weakening, in both experiments the MOC strength intensifies rapidly to values of 
~4Sv lower than the control value, followed by a small weakening again before recovering 
gradually. 
From two time slices, indicated by the dark and light gray shading in Figure 3.5, 
we analyzed the temperature anomaly as deviating from the respective control climates 
(Fig. 3.6). Please bear in mind that the control climate is different for the two experiments 
(Fig. 3.2). For the first 20 years after the introduction of the freshwater pulse (dark shading 
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Figure 3.5: a) Overturning in the GIN seas (Sv) for EHequi5d-a. b) Overturning in the GIN Seas 
(Sv) for EHBLF5d-a. c) Maximum North Atlantic Overturning (Sv) for EHequi5d-a. d) Maximum 
North Atlantic Overturning (Sv) for EHBLF5d-a. The shading indicates the periods for which we 
plotted mean annual sea surface temperature in Figure 6. The overturning in the GIN Seas is defined 
as the maximum of the meridional overturning streamfunction in the GIN Seas after averaging over 
one month (which explains the difference from the values of GIN Sea overturning in the annual mean 
maximum overturning streamfunction plots in Figure 3.1).
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in Figure 3.5), clear differences exist between the two experiments. Both experiments 
show a cooling belt from the north of Scandinavia to Iceland that can be explained as 
a result of reduced convection following the surface freshening (see section 3.5.2). 
Surprisingly, in both scenarios, a transient warm anomaly of more than 2ºC is present 
north of Iceland, coinciding with a northward retreat of the ice cover there. This coincides 
with a shift in convection in the GIN seas in the second decade after the introduction of 
the freshwater towards a more southwesterly position (not shown), and the subsequent 
supply of heat to this site, through advection and from the deep-sea to the surface. 
However, this shift almost does not influence the overall GIN Sea overturning strength 
(Fig. 3.5). Differences between the experiments are a warm area south of Greenland in the 
EHBLF5d-a experiment where in the EHequi5d-a experiment a distinguished cooling is 
simulated. Again, an increase in convection strength and associated ocean-to-atmosphere 
heat flux is responsible for this warm anomaly, which is so pronounced since convection 
was almost absent in the control climate (Fig. 3.1c). Similarly, the Labrador Sea shows 
a higher negative temperature anomaly in the EHequi5d-a experiment. These differences 
show close agreement to the temperature anomalies as observed between the EHequi and 
EHBLF control climates (Fig. 3.2), and therefore can be explained by the diminished deep 
water formation in the Labrador Sea and the Irminger Sea following the freshwater pulse, 
which was already greatly diminished in the EHBLF5d-a experiment as a response to the 
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Figure 3.6: Maps showing mean annual SST anomalies (ºC) as deviating from the control climate 
for a) EHequi5d-a and b) EHBLF5d-a for the first 20 years after the introduction of the freshwater 
pulse, and c) EHequi5d-a and d) EHBLF5d-a for the years 20 to 80 after the introduction of the 
freshwater pulse. The periods used are indicated in Figure 5 as dark shading for the first 20 year 
period, and light shading for the period beteen 20 to 80 years.
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constant adding of freshwater. Finally, a warming is present off the east coast of America, 
which can be explained by an intensification of the North Atlantic subtropical gyre due 
to stronger winds during the increasing of the meridional temperature gradient occurring 
in the first 10 years after introduction of the fresh water pulse. This may also explain the 
cooler SSTs off Africa. 
The SST anomaly for the two experiments during years 20 to 80 after the introduction 
of the freshwater pulse (light shading in Figure 3.5) is similar, both in magnitude and in 
spatial distribution (Fig. 3.6 c and d). An exception is the stronger cold anomaly at the 
southern tip of Greenland in the EHequi5d-a experiment. In both experiments, the main 
temperature decrease is between Iceland and Greenland with a cooling up to 4ºC, while 
the GIN Sea, Labrador Sea and the Atlantic Ocean south of Greenland cool by around 1ºC. 
The extreme cooling in the Denmark Strait can be attributed to increased sea-ice cover 
here (not shown). The other cooling sites appear to be less influenced by increased sea-ice 
cover, and the cooling is caused by reduced convection following the lowering of salinity 
and subsequent decreased ocean-to-atmosphere heat-flux at these sites. 
These results support the idea that the introduction of the baseline flow in the control 
climate mostly influences the duration of the climate anomaly, and not the magnitude. 
The difference in control climate, and therefore the shutdown of LSW formation in the 
EHequi5d-a experiment relative to a control run with LSW formation as opposed to the 
experiments without baseline flow however, can explain most of the differences between 
the two experiments. 
The 60-year mean SST anomalies of EHequi5d-a and EHBLF5d-a in Figure 6c 
and d show a cooling around the North Atlantic, which is consistent with the spreading 
of proxy-evidence for the event (Wiersma and Renssen, 2006; Alley and Ágústsdóttir, 
2005; Rohling and Pälike, 2005). The magnitude of the cooling is smaller than previously 
modeled (Renssen et al., 2001, 2002; Bauer et al., 2004) and reaches less far south in 
Western Europe and North America where, averaged over this time period, the cooling does 
not exceed –0.5ºC. Therefore, in the present study, the mean annual temperature averaged 
over a 60-year period (i.e., between 20 and 80 years after the freshwater pulse) in the 
EHequi5d-a and EHBLF5d-a scenarios underestimates the cooling as reconstructed from 
proxy-evidence in Western Europe (Wiersma and Renssen, 2006). The simulated cooling 
of ~1ºC in northern Scandinavia is smaller than simulated by Renssen et al. (2001, 2002) 
and is more consistent with reconstructed Northern Scandinavia summer temperatures 
that show a decrease by up to 1ºC (Korhola et al., 2000, 2002; Seppä and Birks, 2001). 
Therefore, the present model appears to perform better for this crucial region in ocean 
circulation. Simulated temperatures in this region are mainly controlled by oceanic heat 
flux to the convection site near Spitzbergen. In model version 2, the Nordic Seas had a 
much stronger overturning than in version 3, imposing a stronger positive feedback and 
therefore a too strong cooling (Renssen et al. 2001, 2002) when overturning is strongly 
reduced because of the freshwater perturbation (more details about this point are provided 
in section 3.6). In terms of cooling in central Greenland, most experiments show a shorter 
cooling than the duration of the weakening of the MOC, with a larger variability between 
the different ensemble members. The scenarios without a baseline flow that are perturbed 
by a freshwater pulse of respectively 1.63 x 1014 m3, 3.26 x 1014 m3 and 4.89 x 1014 m3, 
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have an average duration of the cooling in Greenland of respectively 50, 70 and 110 years 
with corresponding maximum cooling of 4ºC, 5ºC and 5ºC. Similarly, the scenarios with a 
baseline flow show an average duration of the cooling of 120, 190 and 260 years for these 
respective scenarios with corresponding maximum cooling of 4ºC, 5ºC and 6ºC.  A recent 
study estimates the duration of the cooling at ~160 years (Rasmussen et al., 2006), with 
a magnitude of between 5.4ºC and 11.7ºC (with best estimate of 7.4ºC) (Leuenberger et 
al., 1999) or 6 +/- 2ºC (Alley et al., 1997). Reasoning backward, to simulate an event of 
~160 years with a magnitude that falls within these constraints, in our model a freshwater 
pulse of between 1.63 x 1014 m3 and 3.26 x 1014 m3 would have to be applied in the EHBLF 
scenario.
3.5.2 Labrador Sea versus GIN Seas
A comparison of time-series of convection depth in the Labrador Sea (Fig. 3.7, top figures) 
shows, as expected, that convection depth for the control climate in EHequi5d-a is deeper 
than in the EHBLF5d-a scenario. With the introduction of the freshwater pulse (at t=100), 
convection depth decreases dramatically following the decrease in sea surface salinity 
(Fig. 3.7 a and c), and recovers rapidly as the freshwater pulse stops. Interestingly, after the 
freshwater pulse, convection depth in the Labrador Sea in EHequi5d-a increases markedly 
to values more than 200 meters deeper than before the perturbation. The timing of the 
increase in convection depth in the Labrador Sea coincides with the fast removal of the 
salinity anomaly in the Labrador Sea (Fig. 3.7 a and b) and the fast acceleration of MOC 
in EHequi5d-a and, although smaller in magnitude, EHBLF5d-a (Fig. 3.5 c and d).
The increase in convection depth is probably caused by the interaction between 
temperature and salinity in the density of the surface waters of the Labrador Sea. With 
the introduction of the freshwater pulse, sea surface density rapidly decreases in both 
scenarios (Fig. 3.8 a and b), until the decrease slows down for around a decade as the 
scenarios come close to minimum values of ~1026,4 kg/m3 in EHequi5d-a and ~1025.8 
kg/m3 in EHBLF5d-a. From this point on, the two scenarios show a different path. In 
EHequi5d-a the density rapidly increases as salinity increases, but the temperatures are 
lower than in the decreasing density trajectory. At t=120 the increase in density slows 
down and SST becomes colder until t=130. This period with colder SSTs corresponds 
to the period with deeper convection in Figure 3.7a. From this point on, temperatures 
and salinities slowly recover to the pre-perturbed values while going through one small 
additional loop. In EHBLF5d-a, density rapidly increases after the minimum density value 
is crossed, but with temperatures that are higher than in the decreasing density trajectory. 
After 20 years, the values are close to pre-perturbed values. From here on, a slow, drifting 
decrease in temperature occurs for almost 90 years. From t=210, temperatures increase 
again, drifting slowly towards pre-perturbed state values. In the EHBLF5d-a scenario, 
the low surface density in the Labrador Sea caused by the baseline flow prevents deep 
convection to occur. In contrast, in EHequi5d-a a fast increase in density by higher SSS 
accompanied by a relatively small lowering of SST can cause a decadal scale increase in 
convection of more than 200 m.
Convection depth in the GIN Sea near Spitzbergen shows a different response 
to the freshwater pulse (Fig. 3.7, lower figures). The fresh salinity anomaly is strongly 
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reduced as it arrives at the convection site. Still convection depth rapidly decreases in both 
experiments, following the SSS changes. The time evolution in the GIN-Sea appears more 
irregular as a result of a high-frequency variability caused by strong interactions between 
sea-ice and convection: Episodes of increased sea-ice influx freshen the surface waters by 
melting and reducing local evaporation, thereby reducing surface density that overwhelms 
the opposite effect of the cooling, and thus produces a reduction in deep convection, as also 
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Figure 3.7: 21-year running mean time series of February convection depth (m) (grey shading), 
February sea surface salinity (psu) and February sea surface temperature (ºC) in the predominant 
convection area in the Labrador Sea (between 60ºW and 50ºW and 57ºN and 63ºN, upper figures) 
and the GIN Sea (between 5ºE – 15ºE and 73ºN – 77ºN, lower figures) for EHequi5d-a (a and c) and 
EHBLF5d-a (b and d).
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simulated by Renssen et al. (2005a). In the EHBLF5d-a experiment, this high-frequency 
variability is larger (causing the more irregular curve) as a result of the lower initial 
surface temperatures facilitating sea-ice growth and therefore resulting in more frequent 
sea-ice influx and melting. This is also illustrated by Figure 3.9 showing increased sea-
ice transport between Spitzbergen and Norway into the direction of the convection site, 
especially during the perturbed period in EHBLF5d-a. These more frequently occurring 
episodes of sea-ice influx prevent fast recovery of the salinity anomaly as they frustrate 
convection, and therefore stretch the cold period. 
The trend of gradual recovery of the density can be attributed to the gradual increase 
of SSS in the North Atlantic by changes in the surface freshwater balance and diffusion 
and transport of the relatively fresh surface water away from this area. These waters are 
then replaced by higher salinity waters advected from lower latitudes. Several factors may 
play a role in the slower recovery of the MOC of the EHBLF experiments. In particular, 
the removal of the surface low salinity waters from the North Atlantic by convection and 
replacement by advected high-salinity waters (the standard advective salt feedback). As 
the overturning is already slower, more time is required to recover from the weakened state 
because freshwater cannot be removed by convection as fast as in the EHequi scenario. On 
ocean basin scale, these results correspond to a shift towards the threshold instability point 
in a schematic thermohaline circulation hysteresis curve (Rahmstorf et al., 2005; de Vries 
and Weber, 2005). When this point is crossed, the MOC collapses.
The deeper convection in the Labrador Sea in response to the freshwater pulse 
in the EHequi scenario may be especially efficient in recovering salinity in the North 
Atlantic, as relatively fresh water is removed with increased LSW production, and more 
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Figure 3.8: February SST – SSS plots of the 21-year running mean for the Labrador Sea with corre-
sponding dashed density contours (+1000 kg/m3) for a) EHequi5d-a, and b) EHBLF5d-a. The black 
dots connected by the black line represent the changes in SST and SSS during the perturbed state 
of the MOC, with every 10 years a black square, if possible labeled with the corresponding year. 
The grey dots represent the SST and SSS changes before- and after the perturbed state, showing the 
models range of natural variability of SST and SSS in the Labrador Sea.
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saline surface waters are advected to the north. Since this convection in the Labrador Sea 
is suppressed by the constant baseline flow, MOC recovery takes longer in the EHBLF 
scenario. This hypothesis is consistent with the coincidence in EHequi5d-a of the increase 
in convection depth in the Labrador Sea, the fast removal of the salinity anomaly there and 
the fast acceleration of the MOC strength. 
The lower temperatures in the control climate of EHBLF and during the MOC 
slowdown in the GIN Sea may also play a role. The lower temperatures facilitate sea-ice 
growth and therefore cause an increased chance of sea ice influx at these sites, which 
prevents convection to occur by the freshening of surface waters and therefore slows down 
the removal of the salinity anomaly. 
In summary, Labrador Sea convection and GIN Sea convection show a different 
response to the freshwater pulse: Both show a decrease in convection depth, but in the 
Labrador Sea this general decrease is interrupted by a decadal scale increase in EHequi5d-
a. In the EHBLF5d-a experiment, the lower surface water density in the Labrador Sea 
caused by the baseline flow dampens this convection depth increase and in the GIN Seas 
the slowdown is prolonged due to lower temperatures and more sea-ice interactions. In the 
Labrador Sea, such a delicate balance between SSS and SST in controlling deep convection 
has already been observed on longer time scales in proxy-data (Solignac et al., 2004) and 
in a transient Holocene climate simulation under greenhouse gas and astronomical forcing 
(Renssen et al., 2005a). 
3.6 Comparison with other model studies
Our study is comparable to previous modeling studies on the 8.2 ka event by Renssen et 
al. (2001; 2002) and Bauer et al. (2004). Renssen et al. (2001; 2002) experimented with 
a constant volume of 4.67*1014 m3 freshwater that was released with differing durations 
(10 yr, 20 yr, 50 yr and 500 yr) into the Labrador Sea. These experiments were performed 
with the previous version of the ECBilt-CLIO climate model that had no representation of 
Labrador Sea Water formation and a less realistic GIN Seas overturning value. Furthermore 
the released volume of 4.67x1014 m3 exceeds the highest estimate found in the literature 
(Törnqvist et al., 2004). In these experiments, the model’s MOC shifted to a new unstable 
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Figure 3.9: 21-year running mean (black line) and annual mean (grey line) of the sea-ice transport 
(Sv) between Spitzbergen and Norway, a) for EHequi5d-a and b) for EHBLF5d-a. Negative values 
indicate a predominant transport in westward direction (i.e. towards GIN seas convection site).
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state, making the recovery unpredictable as it was governed by high-frequency variability 
involving the atmosphere. Still, the climate response to the freshwater pulse of one of 
the 20 yr pulse duration experiments did show a good agreement with proxy-evidence 
(Wiersma and Renssen, 2006). In the experiments performed in this study with the ECBilt-
CLIO-VECODE version 3, we found no indication for such an unstable state with the 
freshwater pulses that were applied. Therefore, in the current experiments high-frequency 
variability is of minor influence on the duration of the event. In the Renssen et al. (2002) 
paper, the existence of the unstable state is prolonged by a strong positive feedback by 
enhanced sea-ice export from the Barents Sea, representing a considerable increase in 
freshwater transport to the site of convection. In our model we do see enhanced export 
from the Barents Sea to the site of convection, as described in section 3.5.2, but to a much 
lesser extent. This weaker positive feedback in combination with a smaller share of the 
GIN Sea overturning (17 Sv vs 3 Sv) in the total North Atlantic overturning may be the 
reason that such an unstable state is not present in the current experiments, which makes 
the MOC recovery more predictable.
 Bauer et al. (2004) released a volume of 1.6*1014 m3 freshwater into the North 
Atlantic Ocean between 50ºN and 70ºN in an early Holocene climate. In their experiments 
with the CLIMBER-2 model, a freshwater baseline flow caused an increased chance of 
a longer collapse of the MOC to freshwater perturbations. Also in these experiments, the 
MOC shifted into an unstable climate state, which made the duration of the perturbed state 
unpredictable. Unfortunately, the CLIMBER-2 model has a coarse spatial resolution, and 
the ocean basin variables are computed as zonal means for the oceans, making a study on 
the respective roles of convection in the Labrador Sea and GIN Seas impossible.
The current study suggests that the magnitude and duration of the weakening in 
overturning circulation is mainly a function of the volume of freshwater released, at least 
for the scenarios tested here. A similar gradual recovery after a freshwater perturbation 
was found by Manabe and Stouffer (1995) in an attempt to simulate the Younger Dryas 
cooling. If these findings are realistic, it means that from knowing the exact volume of 
freshwater that was released during the lake outburst, new information on the sensitivity to 
perturbations of the early Holocene climate state can be derived. This would also provide 
a strong constraint on models and on their representation of the response of the MOC to 
freshwater release. Unfortunately, the uncertainty on this volume is presently still large, 
implying that it is possible to find a realistic scenario that reproduces the observed event 
reasonably well for different model sensitivities. 
In our simulations, the presence of a baseline flow from the melting LIS is of great 
influence on the response of the MOC. This implies that the use of the 8.2 ka event in 
the Paleoclimate-hosing Model Intercomparison Project (PhMIP, Schlessinger, 2005) to 
assess the performance of models is more complex than introducing a short freshwater 
pulse, and the influence of a baseline flow from the melting LIS should be tested in the 
models. Furthermore our results show that the Labrador Sea is an important and sensitive 
player in the global ocean circulation. Other investigators have already suggested that 
the current freshening in combination with greenhouse warming may well promote the 
collapse of the Labrador Sea Water formation (Wood et al., 1999; Weaver and Hillaire-
Marcel, 2004).
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3.7 Summary and conclusions
In this paper we showed the results of freshwater perturbation experiments focused on 
the early Holocene (8.5 ka BP) climate. First we experimented with the introduction 
of a realistic baseline flow from the Laurentide Ice Sheet and compared this with 
proxy data. In this way we obtained two early Holocene reference climate states. 
Next, to simulate the 8.2 ka event, we perturbed these two early Holocene climate 
states with freshwater pulses varying in volume and duration into the Labrador Sea 
based on recent estimates constrained by geological evidence. We investigated the 
response of the MOC and the response of the ocean. From these experiments, we 
come to the following conclusions:
The simulated early Holocene climate with a baseline flow from the Laurentide 
Ice Sheet results in ceased convection in the Labrador Sea, and a cold anomaly of 
~2ºC around the Labrador Sea gradually decreasing to ~1ºC in the Irminger Sea, 
compared to a simulation without a baseline flow. These results are consistent with 
proxy-data that record absence of LSW formation in the early Holocene.
In all experiments, the MOC intensity weakens sharply, followed by a gradual 
recovery to pre-perturbed values.
In our experiments, the volume of the freshwater pulse is the dominant factor in the 
response of the MOC. Duration and timing of the freshwater pulse have almost no 
effect on the response of the MOC, at least for the relatively short release durations 
(i.e. 1, 2 and 5 years) that are tested here. This outcome suggests that future research 
should focus on better estimates on the volume of freshwater that was released. 
Sea level reconstructions as performed by Törnqvist et al. (2004) provide these 
estimates as they include the amount of ice that was released together with the 
freshwater. 
The experiments with a baseline flow into the Labrador Sea show a slower recovery 
of the MOC strength. Therefore, in an early Holocene climate with a baseline flow, 
less freshwater is needed to produce an event of similar duration than without a 
baseline flow. This implies that model intercomparison studies covering the 8.2 ka 
event should consider including a representation of a baseline flow in their early 
Holocene climate state. 
By introducing a volume of 1.63 x 1014 m3, the estimated volume of the Laurentide 
Lakes (Leverington et al., 2002), the maximum simulated duration of the weakening 
of the MOC strength is ~160 years. In the experiments without a baseline flow, this 
volume produces a weakening of only ~100 years. To produce an event in Greenland 
with a duration of ~160 years and a magnitude that is within the constraints of proxy 
evidence, in our model, a freshwater pulse of between 1.63 x 1014 m3 and 3.26 x 1014 
m3 would have to be applied in the EHBLF control climate.
In contrast with other modeling studies, no indication is found for an intermediate 
stable weakened state of the MOC in our model with the freshwater volumes and 
release durations used in these experiments. 
Convection in the Labrador Sea intensifies periodically during the perturbed state 
1.
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of the MOC. In the experiments with a baseline flow this is dampened by the lower 
density of the surface water, but still present. Since Labrador Sea Water is relatively 
fresh, this intensification may play a role in the faster recovery of the MOC in 
experiments without a baseline flow. 
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Chapter 4
Fingerprinting the 8.2 ka event climate response 
in a coupled climate model
Ane Wiersma, Didier Roche and Hans Renssen
Abstract
Using results from coupled climate model simulations of the 8.2 ka event that produced 
a cold period over Greenland in agreement with the reconstructed cooling from ice 
cores, we investigate the typical pattern of climate anomalies (fingerprint) to provide a 
framework for the interpretation of proxy data for the 8.2 ka event. For this purpose we 
developed an analysis method that isolates the forced temperature response and provides 
information on spatial variations in magnitude, timing and duration that characterize the 
climate event. Our analysis shows that delays in the temperature response to the freshwater 
forcing are present, mostly in the order of decades (30 years over central Greenland). The 
North Atlantic Ocean initially cools in response to the freshwater perturbation, followed 
in certain parts by a warm response. This delay, occurring more than 200 years after the 
freshwater pulse, hints at an overshoot in the recovery from the freshwater perturbation. 
The South Atlantic and the Southern Ocean show a warm response which reflects the 
bipolar seesaw effect. The duration of the simulated event varies for different areas, and 
the highest probability of recording the event in proxy archives is in the North Atlantic 
Ocean area north of 40ºN. Our results are essential for the interpretation of proxy-archives 
recording the 8.2 ka event, as they show that timing and duration cannot be assumed to 
agree with the timing and duration of the event as recorded in Greenland ice cores. 
Based on: 
Wiersma, A.P., Roche, D.M. and Renssen, H. Fingerprinting the 8.2 ka event climate 
response in a coupled climate model. Submitted to The Holocene
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4.1 Introduction
Understanding past abrupt climate events is essential for predicting future climate, as they 
may provide essential information about the climate system’s sensitivity to perturbations. 
The most pronounced abrupt climate event of the Holocene is the 8.2 ka event (e.g. Alley 
et al., 1997). The event is expressed as a cold period recorded in geological archives 
mainly around the North Atlantic Ocean. Catastrophic drainage of the proglacial 
Laurentide Lakes (Lake Agassiz and Ojibway) around 8470 cal. years BP into the Hudson 
Bay is the hypothesized cause of the event, by perturbing the North Atlantic thermohaline 
circulation (Barber et al., 1999). Modelling studies on the 8.2 ka event successfully tested 
the mechanism of a freshwater perturbation weakening the thermohaline circulation(e.g. 
Ágústsdóttir, 1998; Renssen et al., 2001, 2002; Bauer et al., 2004; LeGrande et al., 2006; 
Wiersma et al., 2006), and various independent model-data comparisons show that the 
catastrophic drainage accounts for much of the available evidence for the event (Alley and 
Ágústsdóttir, 2005; LeGrande et al., 2006; Wiersma and Renssen, 2006). In combination 
with accumulating geological evidence for a change in deep ocean circulation (Piotrowski 
et al., 2004; Ellison et al., 2006; Flesche Kleiven et al., 2008) there is strong support for 
the hypothesis that the event is caused by a freshwater perturbation of the North Atlantic 
thermohaline circulation.
 Abrupt climate events such as the 8.2 ka event are often assumed to occur 
synchronously over the entire area in which they are recorded, and are therefore used as 
tie-point for correlation of proxy-records (e.g. von Grafenstein et al., 1999). Taking into 
account the uncertainties in age-models of proxy records, this seems a valid assumption. 
However, to our knowledge, no studies have investigated the degree of spatial variation 
in timing of these abrupt climate events. Likewise, little is known about spatial variations 
in the duration of climate anomalies associated with abrupt events and it is therefore not 
clear whether the duration of abrupt climate events can be expected to be similar over the 
area of impact. Yet, information on the timing and duration is crucial for interpretation 
and correlation of abrupt events recorded in proxy records. Such information may also 
help to explain why an abrupt event is not registered in climate proxy data at a particular 
location. 
In this paper we investigate the geographical distribution, magnitude, timing and 
duration of the temperature response in climate model simulations of the 8.2 ka event. 
For this purpose, we developed an innovative analysis method. Commonly, results from 
simulations of freshwater perturbation experiments are visualized by plotting the 100-
year mean anomalies for different variables, relative to a control climate (e.g. Manabe 
and Stouffer, 1997; Wiersma and Renssen, 2006). However, a mean climate over such a 
long time-window does not reflect the climate changes that occurred during this period 
accurately, especially not in the case of abrupt climate events. Areas may have undergone 
climate changes that lasted shorter than the time-window, or variability may have occurred 
such as a warming preceding a cooling during the period. Therefore, a mean climate over 
such a long time-window is not representative for the climate that is recorded by proxy 
archives. On the other hand, using shorter averages (e.g., 10-year means) (e.g. Schiller et 
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al., 1997; Vellinga and Wood, 2002) can be misleading as climate on such a short time-scale 
is influenced by decadal-scale variability. More informative are climate-modelling studies 
that show multiple time slices to illustrate the spatial and temporal variability in climate 
response (e.g. Rind et al., 2001; Wiersma et al., 2006), or that indicate the response time 
of the climate anomaly (Vellinga and Wood, 2002). The analysis method presented here is 
an improvement to the methods described above and gives information on the magnitude, 
timing, duration and distribution of an abrupt climate event, and therefore on its shape in 
space and time. This information facilitates model-data comparison. In addition, isolating 
the typical fingerprint of spatial and temporal distribution in climate model results for a 
certain forcing is valuable, as it helps identifying the climate forcing from an observed 
spatial distribution of reconstructed climate events (Rind and Overpeck, 1993).
For the analysis we use the surface temperature results of coupled climate model 
simulations from a recent paper by Wiersma et al. (2006), who experimented with 6 
scenarios of freshwater pulses in the Labrador Sea, varying in volume and duration. Each 
of these scenarios consisted of 5 ensemble members, which are identical simulations, 
except for a slightly different atmosphere and ocean state at the onset of each run, leading 
to different solutions. For the present study we have selected the scenario that shows a 
temperature response over central Greenland most closely agreeing with the magnitude 
and duration of ~160 years as reconstructed from Greenland ice cores (Rasmussen et al., 
2006; Thomas et al., 2007), and increased the total number of ensemble members to 10. 
First we investigate the consistent response between the 10 ensemble members 
providing an idea of the climate impact of the forcing. Second, we look at the difference 
between this forced response and the anomalies of a single ensemble member, providing 
an estimation of the variation in response between single ensemble members. As the 
pattern in the single ensemble member is a combination of the local forced response and 
natural variability, this is the signal that could potentially have been recorded in climate 
proxy records.
Summarizing, we address the following questions in this paper:
What is the geographical distribution of the forced temperature response in our 
simulation of the 8.2 ka event, in sign and magnitude, as could be expressed in 
proxy-based climate reconstructions?
To what extent is the temperature response to the freshwater perturbation 
synchronous?
What is the spatial variation in duration of this temperature response?
What is the temperature response in areas not affected by the robust response?
4.2 Methods
4.2.1 Experimental design of the freshwater forcing scenario
In an earlier study (Wiersma et al., 2006), we evaluated different freshwater forcing 
scenarios for the 8.2 ka event in ECBilt-CLIO-VECODE (version 3). ECBilt-CLIO-
VECODE is a global, three-dimensional climate model of intermediate complexity 
consisting of an atmospheric (ECBilt), sea-ice – ocean (CLIO) and vegetation component 
1.
2.
3.
4.
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Figure 4.1: Surface temperature response at Greenland Summit for the ten ensemble members (grey 
lines) and the ensemble mean (black line), compared to the δ18O profile as reconstructed from 3 
Greenland ice cores: Dye-3, GRIP and NGRIP (Rasmussen et al., 2007). The time axes have the 
same scale, and the δ18O profile is subjectively tied to the temperature profiles at the first decrease 
in both records. The temperature axis is scaled in such a way that the inferred decadal temperature 
decrease of 3.3 ºC from GISP2 (Kobashi et al., 2007) agrees with the minimum anomaly of δ18O, 
thereby ignoring the extreme low δ18O values around 8240-8245 years B2K that was not present in 
the GISP2 ice core and is probably caused by winter snowdrift (Thomas et al., 2007). Please note 
that the 10-year intervals between the starting data for the ensemble members lead to the repetition 
patterns in the results before the perturbation
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(VECODE). CLIO (Goosse and Fichefet, 1999) is a primitive equation, free-surface 
ocean general circulation model (OGCM) (Deleersnijder and Campin, 1995; Campin and 
Goosse, 1999) coupled to a comprehensive sea-ice model with a representation of both 
thermodynamic and dynamic processes (Fichefet and Morales Maqueda, 1997; Goosse 
and Fichefet, 1999). The horizontal resolution of CLIO is 3º longitude by 3º latitude and 
there are 20 unequally spaced vertical levels in the ocean. ECBilt (Opsteegh et al., 1998) 
is a spectral quasi-geostrophic atmospheric model with three levels and T-21 resolution. 
VECODE (Brovkin et al., 2002) is a dynamic global vegetation model that simulates 
dynamics of two main terrestrial plant functional types (trees and grasses) as well as desert 
(bare soil).
In the experiments discussed by Wiersma et al. (2006), freshwater pulses of varying 
volume (1.63 x 1014 m3, 3.26 x 1014 m3 and 4.89 x 1014 m3) and duration (1, 2, and 5 years) 
were released into the Labrador Sea. In addition, the influence of a background baseline 
flow (0.172 Sv) (Licciardi et al., 1999) on the recovery of the ocean circulation to these 
freshwater perturbations was investigated. This baseline flow, representing the background 
meltwater flux from the Laurentide ice sheet , was also released into the Labrador Sea . . The 
experiments were started from a quasi-equilibrium early Holocene climate state identical 
to that described in Wiersma et al. (2006). Atmospheric greenhouse gas concentrations 
(Raynoud et al., 2000) and orbital parameters (Berger and Loutre, 1991; Berger, 1992) in 
the climate model are set to 8.5 ka BP values. In addition, a remnant Laurentide ice sheet 
was accounted for by increasing surface albedo and increasing elevation of the grid cells 
according to the Peltier (1994) reconstruction. 
In the present study we use the surface climate results of 10 ensemble members of 
the scenario in which a freshwater pulse of 3.26 x 1014 m3 was released in the Labrador 
Sea during 5 years in an early Holocene control climate with a background baseline flow. 
Although this fresh water volume is twice the estimated lake volume, we use this scenario 
because the simulated cooling over central Greenland most closely agreed with the estimated 
~160-year duration (Thomas et al., 2007) and 3.3 +/- 1.1ºC cooling (Kobashi et al., 2007) 
of the event over Greenland (Fig. 4.1). Besides, the freshwater volume introduced is less 
than the maximum constraint on the drained lake volume of 4.3 x 1014 m3 derived from the 
maximum sea-level rise following the lake drainage (Törnqvist et al., 2004). 
The simulated temperatures at the Greenland Summit in the 10 ensemble members 
consistently show a short 1.5ºC cooling during the 5-year freshwater release, followed 
by a pronounced warming reaching on average 3ºC above pre-perturbed values during 
the first two decades after the freshwater perturbation (Fig. 4.1). From this point on a 
fast cooling sets in reaching a 70-year plateau of low temperatures at 40-years after the 
perturbation. Within this plateau, ensemble mean temperatures show cooling of up to 2ºC, 
while the decadal average cooling of single ensemble members ranges between 1.8ºC 
and 2.5ºC. At t = 110 years, a gradual ~70-year recovery to pre-perturbed values starts, 
possibly followed by an overshoot to warmer temperatures. 
The 8.2 ka event in the combined isotope profile from the NorthGRIP, GRIP and 
DYE-3 (Fig. 4.1) (Rasmussen et al., 2007) is characterized by a drop in �18O values 
starting around 8300 years B2K (before A.D. 2000) and reaching a low of -2.5‰ around 
8240-8245 years B2K, interrupted by a short excursion back to average values. Isotopes 
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values stay low until 8200 years B2K, followed by a gradual excursion back to average 
values around 8140 years B2K. This pattern is interrupted by two short excursions back 
to average values around ~8185 and ~8275 years B2K. Although the onset of the event 
is not well defined, the length of the event is probably around 160 years (Rasmussen et 
al., 2007; Thomas et al., 2007). It must be mentioned that the extremely low �18O values 
around 8240-8245 years B2K are only present in the GRIP ice core and is probably related 
to winter snowdrift, which explains why it is not recorded in the ~30 km distant GISP2 ice 
core record (Thomas et al., 2007). 
Except for the marked initial warming in the simulation results which is not present 
in the isotope profiles (although there are marked excursions back to normal values), the 
character of the recorded and simulated event is comparable (Fig. 4.1), remarking that the 
simulated maximum decadal scale cooling in the different ensemble members from 1.8 
– 2.5ºC is less than the maximum decadal scale cooling inferred from the Greenland ice 
cores of 3.3 +/- 1.1ºC (Kobashi et al., 2007). 
4.2.2 Analysis of simulation results
We approach the analysis from the perspective of proxy-based climate reconstructions. 
More specifically, we are interested in finding the temperature response of the 8.2 ka 
event in the model results, as could be expressed in common proxy-based reconstructions. 
In these proxy-records, a sample often represents an integrated climate signal of several 
decades (due to bioturbation, sample size, diffusion etc.). For that reason, we subjectively 
define that a data-point in our simulated surface temperature time-series is anomalous 
if the average 31-year temperature is different from the equilibrium climate with 99% 
certainty. 
The atmospheric surface climate output of the experiments consists of a 3-
dimensional (i.e. longitude, latitude, time) gridded dataset, with for every output variable 
a time-series with monthly resolution for every grid-cell. In this study we use the average 
surface temperature results of two seasons: December-January-February (DJF) and June-
July-August (JJA). The experiments consist of a 400-year equilibrium run, followed by a 
5-year run in which the freshwater perturbation is introduced, and completed by a 500 year 
long recovery run, making the total length of each time-series 905 years. 
In order to find the robust temperature response of the model to the freshwater 
perturbation, in each of the ensemble members we apply a moving z-test to the time-
series of surface temperature of every grid-cell for DJF and JJA (Fig. 4.2a). This z-test 
assesses whether the mean of a sample (here a 31-year centered moving-window (t-15 yr, 
t+15yr)) and the population (here the 400 year equilibrium state before the perturbation) 
are statistically different, by comparing the variance and average of both the moving-
window and the equilibrium state. 
The z-test window moves along the time-series of every grid-cell with a one-year 
time-step, producing a time-series of z-values (Fig. 4.2b). Subsequently, we separate cold 
and warm anomalies that are significant at the 99% level. For the grid-cells with significant 
cold and / or warm temperature anomalies, we calculate the following properties: the 
duration of the longest anomaly, the maximum 31-year mean temperature anomaly within 
this longest anomaly and the timing of the onset of the longest anomaly (Fig. 4.2b). Hence, 
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by combining the results from all grid-cells, we generate anomaly maps for every of the 
properties mentioned above, in which grid-cells with no significant anomaly in the time-
series are masked. 
In the following step to generate a robust surface temperature response to the 
freshwater forcing, we average the 10 ensemble members over the three mentioned 
properties (i.e., magnitude, timing, and duration), and investigate the consistent response 
between the ensemble members. This is to guarantee that the distribution of the anomalies 
is most likely a response of the surface climate to the freshwater forcing, we only plot 
results for grid-cells that are significant in every one of the 10 ensemble runs (Fig. 4.3).
4.2.3 Limitations
 Before discussing the results, it is good to give attention to the limitations of 
our analysis method. Firstly, although the ocean circulation response of our model to the 
freshwater perturbation is similar in the different ensemble runs (Wiersma et al., 2006), 
there are differences in the extent of the surface temperature response to the freshwater 
forcing for the individual ensemble members. Therefore we stress here that averaging and 
filtering the ensemble members generates the minimum extent of the surface temperature 
response to the freshwater forcing, and the response can be more widespread in individual 
members of the ensemble runs. This issue will be worked out further in section 4.3.2 and 
4.4.3, where we compare the results of one ensemble run with the robust temperature 
response of the 10 ensemble members.
Secondly, working with a moving-window implies that the data series is 
smoothed, thereby influencing timing and duration (Fig. 4.2). The 31-year moving window 
that we apply represents a very common integrated signal recorded by a sample, and is 
larger than most short time-scale natural variability in the time-series (i.e. interannual 
to subdecadal), but small enough to capture more gradual anomalies. Therefore, in case 
of a centennial scale event it compromises well between strength of the signal and the 
amount of variability, producing a generally representative timing and duration (Fig. 4.2). 
In central Greenland, our analysis method returns a duration of ~120 years. Thomas et al. 
(2007) define the ~160 year duration inferred from ice-core records as the period in which 
the average temperatures are consistently below the average of the preceding 1000 years, 
and therefore cannot be directly compared with the duration as projected by our method. 
Applying our method to an annually resolved δ18O profile from Greenland ice cores most 
probably returns a length shorter than 160 years. This is a sacrifice that had to be made to 
make the method universally applicable. 
Thirdly, we do not take into account trends in the data, for instance with 
autocorrelation. This would be necessary if we aimed to quantify the statistically correct 
timing and duration. However, accounting for trends would imply a variable moving 
window size. Since we are interested in the climate signal as could be recorded in our 
common proxy-archive that records the integrated climate signal over 31-years, mostly 
independent of trends in climate, we decided to use a fixed moving window size.
Finally, results in this study in the tropics and extra-tropics must be considered with 
great caution because of the quasi-geostrophic approximation in the atmospheric model. 
This is illustrated by a recent model intercomparison project (Stouffer et al., 2006), in 
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which ECBilt-CLIO is shown to underestimate the precipitation changes in the tropics 
associated with a freshwater perturbation in the North Atlantic Ocean compared to the 
more comprehensive AOGCMs. 
4.3 Results
4.3.1 Magnitude, timing and duration of the forced temperature 
response
In this section we present the results of the analyses (Fig. 4.3). First we describe the 
temperature response in DJF, followed by the JJA temperature response. Only areas 
showing a spatially coherent temperature response (i.e. not scattered) will be described. 
4.3.1.1 DJF anomalies
When comparing the DJF cold (Fig. 4.3a) and warm (Fig. 4.3d) anomalies, the first 
obvious difference is the concentration of cold anomalies in the Northern Hemisphere and 
of warm anomalies in the Southern Hemisphere. Furthermore, the few cold anomalies in 
the Southern Hemisphere and most of the warm anomalies in the Northern Hemisphere 
occur after more than 200 years (Fig. 4.3b, e). 
The reduced northward heat-transport resulting from the freshwater perturbation 
and associated slowdown in Meridional Overturning Circulation causes a marked cooling 
over the Atlantic Ocean north of 40ºN, Greenland and the Labrador Sea/Baffin Bay area, 
with the exception of the Fram Strait (Fig. 4.3a). Especially the Denmark Strait and the 
area between Spitsbergen and north of Scandinavia show a pronounced cooling of more 
than 8ºC caused by increased sea-ice cover. Along the northern margin of Scandinavia 
and in the North Sea, the cooling occurs within the first decade, while the Denmark Strait 
displays a delay of more than 30 years with the freshwater pulse (Fig. 4.3b). The cooling 
over central Greenland displays the same delay. Over a large part of the North Atlantic 
Ocean, a warming occurring more than 200 years after the freshwater pulse follows the 
cooling (Fig. 4.3e).
The Arctic Ocean north of Asia and the adjacent land mass cools within two decades 
following the freshwater pulse, whereas towards the Bering Strait the average onset of 
the longest cooling over the Arctic Ocean occurs after about 150 years (Fig. 4.3b). The 
maximum DJF cooling over western Europe, southern Scandinavia and the eastern part of 
Atlantic Ocean between 40ºN and 60ºN is less than 1ºC (Fig. 4.3a). The delay with respect 
to the freshwater pulse in these regions is around three decades and increases towards the 
east (Fig. 4.3b). 
Over the Atlantic Ocean between 40ºN and the equator, the magnitude of the 
cooling is less than 0.5ºC (Fig. 4.3a). The geographical spread, with cooling over the 
eastern subtropical Atlantic Ocean, zonally spreading westward at around 20ºN, reflects 
the advection of cooled North Atlantic Ocean waters in the Atlantic subtropical gyre. 
The decreased surface temperature over the Mediterranean Sea of ~0.5ºC (Fig. 4.3a) is a 
combination of relatively cool advected waters from the Atlantic and colder air through 
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westerly zonal atmospheric flow. Towards the eastern Mediterranean Sea, the cooling 
occurs significantly delayed by up to more than 50 years (Fig. 4.3b).
Over Asia and the western Pacific, a belt with significant cooling of 0.5ºC to 1ºC 
stands out around 30ºN (Fig. 4.3a), typically occurring after ~100 years (Fig. 4.3b). This 
cooling is caused by intensified northerly winds due to the increased meridional temperature 
gradient bringing cold air to central Asia. In conclusion for the Northern Hemisphere, the 
Bering Strait and the North Pacific Ocean show significant cooling gradually decreasing 
southward toward 0.5ºC (Fig. 4.3a). The cooling in this area is associated with increased 
sea-ice cover and associated increased southward sea-ice transport through the Bering 
Strait. 
The Southern Hemisphere response is characterized by a warming over the oceans 
in DJF (Fig. 4.3d-f). A climate response with warming in the Southern Hemisphere and 
cooling in the Northern Hemisphere is the expression of the “bipolar seesaw” effect (e.g. 
Broecker, 1998), induced by redistribution of oceanic heat due to decreased northward 
heat transport. Over the tropical South Atlantic Ocean a significant warming of less than 
0.5ºC (Fig. 4.3d) and mostly shorter than 40 years reflects this effect within two decades 
(Fig. 4.3e, f). At the same latitude over the tropical Pacific Ocean, a similar warming belt 
is present, but lagging the freshwater pulse by more than 50 years. Over the Southern 
Ocean, a significant warm response occurs more than 60 years after the freshwater pulse, 
but the warming can have an 80-year duration (Fig. 4.3f). We relate this delay to slow 
entrainment of the warmer waters in the Antarctic Circumpolar Current. This pattern of 
warm anomalies in the Southern Hemisphere is similar to that of the AOGCM ensemble 
mean as discussed by Stouffer et al. (2006) for freshwater perturbation experiments.
The duration of the significant cold anomaly in DJF (Fig. 4.3c) is clearly longest 
over the Atlantic Ocean north of 40ºN with a typical duration of around 120 years, and 
with maxima of almost 160 years near Scotland and over the Labrador Sea even up to 
200 years. Although starting with a delay of 30 years, south and central Greenland also 
show a significant cooling of between 120 and 140 years, decreasing in duration towards 
the north. The duration of the cooling over the Atlantic Ocean south of 40ºN and over 
the Mediterranean drops abruptly to values of less than 60 years. Over the Arctic Ocean 
and around the Bering Strait, the duration of the cooling is reduced to mostly less than 
40 years, which is also the case for the cooling over Asia and surrounding oceans. The 
duration of warm anomalies in DJF (Fig. 4.3f) is much shorter than the duration of the cold 
anomalies and is mostly shorter than 40 years, with the exception of the 120-year warming 
in the Denmark Strait following the initial cooling. 
 
4.3.1.2 JJA anomalies
The general pattern and timing of the JJA temperature anomalies (Fig. 4.3g-l) are similar 
to the DJF temperature anomalies. Again, cooling is concentrated in the Northern 
Hemisphere (Fig. 4.3g), and warming is concentrated in the Southern Hemisphere (Fig. 
4.3j). In JJA however, the cooling in the Northern Hemisphere is less pronounced, while 
the warming in the Southern Hemisphere is more pronounced. Similarly, the duration of 
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anomalies in the Northern Hemisphere is generally shorter (Fig. 4.3i, l), and of anomalies 
in the Southern Hemisphere longer. 
The maximum cold anomalies in JJA (Fig. 4.3g) over the North Atlantic Ocean are 
up to 6ºC west of Iceland. Over the Arctic Ocean the cooling is less extensive than in DJF 
and is only around 1ºC. Also the timing of the cooling is similar to DJF (Fig. 4.3h), with 
a delay over Greenland of around 30 years and a generally fast response over the eastern 
and tropical Atlantic Ocean. Between 40ºN and 60ºN a warming that occurs after more 
than 200 years after the freshwater pulse follows the cooling. In comparison to the DJF 
cold anomalies, the cooling over the Mediterranean Sea stretches further over northern 
Africa, where it is to up to 1ºC. In addition the duration is much longer, up to more than 
100 years over the eastern Mediterranean Sea (Fig 4.3i). A striking difference with the DJF 
cold anomalies is the ~40-year robust cooling over the northern Indian Ocean (after ~30 
to 40 years) of less than 0.5ºC (Fig. 4.3g, h), probably associated with ocean heat content 
changes during the summer monsoon. However, although appearing significant, our model 
is not suitable to study tropical variability and tropical-extratropical interactions and such 
anomalies should be considered with great caution.
The warm response in the Southern Hemisphere (Fig. 4.3j) shows the same pattern 
as in DJF, with a fast warming over the subtropical South Atlantic and a delayed warming 
by more than 50 years over the Southern Ocean (Fig. 4.3k). However, due to sea-ice 
feedbacks, in JJA the duration is longer, up to more than 100 years, and the warming is 
more widespread. Around 30ºS and 40ºS, several grid-cells hint at a cooling response after 
200 years (Fig. 4.3h, i). 
Also the duration of the longest anomaly (Fig. 4.3i) exhibits the same pattern as 
the DJF cold anomalies (Fig. 4.3c). Over the Atlantic Ocean, the cooling generally lasts 
~20 years shorter, but over the Mediterranean Sea and Northern Africa the cooling is 
prolonged in JJA. Furthermore, the conspicuous cooling over the northern Indian Ocean 
typically lasts for around 40 years.
4.3.2 Pattern of significant temperature anomalies in a single ensemble 
member
In this section, to illustrate the level of natural variability, we show the results of the 
analysis for a single ensemble member (Fig. 4.4 a-d). The pattern of significant temperatures 
observed in a single ensemble member is a combination of the forced response and the 
natural variability of the climate system. Accordingly, the temperature anomaly pattern 
in a single ensemble member is an example of the climate that could be recorded in 
proxy archives around the world in the period surrounding the 8.2 ka event. It is beyond 
the purpose of this paper to describe all temperature changes in this ensemble member 
in detail, and therefore we only describe the broad characteristics of the pattern of the 
temperature anomalies. We show the timing of the first temperature anomaly of the first 
ensemble member to illustrate the consistency in timing with the robust response (i.e. 
based on all ensemble members, Fig. 4.3).  
As expected, compared to the robust ‘forced’ temperature anomaly (Fig. 4.3), the 
single ensemble member generally exhibits the same pattern as the robust response, but 
the significant temperature anomalies are more widespread (Fig. 4.4). Many grid-cells that 
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are not part of the robust response in the northern (southern) hemisphere (Fig. 4.3) show a 
relatively fast cooling (warming) and late warming (cooling), both in DJF as in JJA. This 
suggests that generally there is a preferred direction in the temperature response during 
the period of reduced overturning, i.e. a cooling response in the Northern Hemisphere 
and a warming response in the Southern Hemisphere. The same is true for the generally 
late cool response in the Southern Hemisphere (Fig. 4.4a, c), and late warm response in 
the Northern Hemisphere (Fig. 4.4b, d). However, because the robust response displays 
a more confined response (Fig. 4.3), apparently this preferred direction in temperature 
response is not significant in every ensemble member. In conclusion, the clusters of grid-
cells that show variable timing compared to the surrounding grid-cells illustrate the level 
of natural variability still present after the analysis. 
4.4 Discussion
We isolated the robust surface temperature response to a freshwater forcing in the Labrador 
Sea that produced a temperature anomaly over central Greenland in agreement with that 
observed during the 8.2 ka event. Hence, we assume that the simulated temperature 
response is representative for the temperature anomalies that occurred during the 8.2 ka 
event. In this section we will first discuss the implications of the geographical distribution 
and magnitude of the temperature anomalies, followed by the implications of the timing 
and duration. Then, we will discuss the comparison of the single ensemble member with 
the robust response and whether proxy archives could potentially record the climate 
changes as predicted by this modelling study. 
4.4.1 Geographical distribution and magnitude of the event
The simulated geographical distribution of the robust cooling (Fig. 4.3a, g) is in agreement 
with the reconstructed cool period associated with the 8.2 ka event from proxy evidence 
(e.g., Alley and Ágústsdóttir, 2005; Wiersma and Renssen, 2006): The cooling is most 
prominent in the areas surrounding the north Atlantic Ocean and no cooling is simulated 
over North America, in agreement with the scarcity of records from the interior of north 
America expressing a cooling coinciding with the event (e.g., Morrill and Jacobsen, 
2005; Wiersma and Renssen, 2006). Also, the Mediterranean Sea is robustly affected by a 
cooling response, consistent with proxy evidence (e.g. Bar-Matthews et al., 1999; Siani et 
al., 2001). In Asia, our simulation results show a cooling around 40ºN in DJF, associated 
with a strengthened Asian winter monsoon. Taking into account the relatively weak 
performance of our model in the tropics, not too much importance should be attached to 
the cooling of the Indian Ocean north of the equator in JJA. This is a shame because the 
link between North Atlantic climate events and changes in the Indian and southeast Asian 
summer monsoon that has been reported by several investigators (e.g. Street-Perrott and 
Perrott, 1990; Gasse and van Campo, 1994; Gupta et al., 2003; Fleitmann et al., 2003; 
2007) would be interesting to investigate in climate models for the 8.2 ka event. 
Conspicuous in the analyses is the warming of the Southern Hemisphere. First a 
significant warming is observed over the subtropical South Atlantic Ocean, followed by 
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the Southern Ocean within 50 years. Evidence for climate changes in the period around 
the 8.2 ka event in Southern Hemisphere proxy data is scarce. However, recently Ljung et 
al. (2008) inferred a wet period from a proxy record from the island of Tristan de Cunha 
linked to warmer ocean temperatures in the South Atlantic Ocean that they connect to the 
8.2 ka event. 
Finally, in agreement with papers reviewing the evidence for the 8.2 ka event (e.g. 
Rohling and Pälike, 2005), the cooling over and around the north Atlantic Ocean in DJF 
is more pronounced than in JJA. Still, the geographical distribution of the temperature 
anomaly in JJA is similar to that in DJF, and only shows outstanding differences in Asia 
and the Indian Ocean. 
4.4.2 Implications for the timing and duration of an abrupt event
Our analysis shows that in our model the temperature response to a freshwater forcing is 
not synchronous, and lags mostly in the order of decades are present. Remarkably, we find 
a delayed response over Greenland of 30 years that is robust in every ensemble member. 
The temperature profile in Figure 4.1 shows that the lagged cooling is related to an initial 
decadal warming. It is related to a short westward shift in convection site that has no clear 
analogue in the Greenland ice-core isotope records, although during the event marked 
excursions back to normal values take place. A delay of the cooling over Greenland could 
have important implications for two reasons. Firstly, the 8.2 ka event is defined in ice-core 
records from the Greenland ice cap, and there appears to be a considerable gap between 
the onset of the event in Greenland at 8247 cal. yr BP (Thomas et al., 2007) and the timing 
of the freshwater pulse at 8470 cal yr BP (Barber et al., 1999) that is supposed to have 
caused the event. A delay in the cooling response to the freshwater pulse could explain part 
of the gap. Secondly, high-resolution ice-core records from Greenland are available, and 
it is common practice to tune proxy records to the ice core records. However, our analysis 
shows that the temperature response over Greenland is not synchronous with other areas.
Our simulation results also suggest a delay of more than 50 years of the cooling 
over Asia in DJF and of ~40 years for the cooling in JJA over the northern Indian Ocean. 
Therefore, in particular for these remote areas, one should be cautious with synchronizing 
proxy-records with North Atlantic records, as valuable information on timing of abrupt 
events may be lost. The presence of a delayed warming that follows the initial cool 
response in the Northern Hemisphere suggests an overshoot in recovery to the temperature 
anomaly in the Northern Hemisphere. This late warming over the North Atlantic Ocean 
is associated with the release of heat from the ocean after the initial cooling over these 
areas. 
Recently, a paper comparing Greenland temperatures inferred from Nitrogen isotopes 
and the decreased atmospheric methane from air bubbles in the ice, concluded that cooling 
and drying in methane-producing areas occurred +/- 4 years after the temperature change 
in Greenland (Kobashi et al., 2007). We show that anomalous temperature changes related 
to a slowdown in overturning circulation occur mostly within decades after the event in 
Greenland. This apparent contradiction could be explained by a fast response of methane 
production to subtle climate changes in methane producing regions that do not cross our 
significance level yet. Apart from that, given the lags in our modelling results (Fig. 4.3), 
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a response of methane production almost synchronous to the cooling in Greenland would 
suggest a high latitude origin, at least for the onset of the drop in methane production.
The simulated duration of the event implies that the highest probability that the 
event is recorded in proxy archives is in the Atlantic Ocean north of 40ºN, in Greenland 
and in the Labrador Sea, where the event has a significant duration of more than 100 
years. For these locations in the North Atlantic area, our simulation results suggest that the 
significant temperature changes associated with the freshwater forcing cannot be expected 
to have the same duration and character as the 8.2 ka event in the Greenland ice cores 
in different locations. Away from this main impact area, the duration of the significant 
temperature anomalies gradually decreases. The duration of the event on the mainland 
of Scandinavia and Western Europe is less than 60 years, which suggests that there is a 
smaller chance on recording the event in these areas. Records that registered the event in 
these areas (e.g. von Grafenstein et al., 1999; Prasad et al., 2006) are high-resolution lake 
sediment records. 
The duration of the warming of the Southern Hemisphere in the simulation results 
is generally shorter than the cooling simulated for the Northern Hemisphere. Evidence 
for a southern hemispheric warming during the 8.2 ka event is still absent, with possibly 
one exception (Ljung et al., 2008). Nevertheless, a Southern Hemispheric warming is 
evident in simulation studies on the 8.2 ka event (Renssen et al., 2001; Bauer et al., 2004; 
LeGrande et al., 2006). As our results suggest that the warming in austral winter can have 
a significant duration of up to 100 years, we expect more evidence of the event in future 
high-resolution studies from the Southern Hemisphere.
4.4.3 Implications of the comparison of a single ensemble member to the 
robust response
In the single ensemble member results, the main features of the forced response can still 
be recognized. The more widespread geographical distribution in the single ensemble 
members does suggest that during a freshwater-forced event there is a preference 
toward cold anomalies in the Northern Hemisphere and warm anomalies in the Southern 
Hemisphere. However, such a widespread event is not present in the forced robust response 
(10-member ensemble mean) (Fig. 4.3) indicating that grid-cells in these areas do not 
robustly cross the significance level in every one of the 10 ensemble members. 
The robust response to the freshwater forcing in 10 ensemble members contains 
scattered grid-cells with inconsistent timing of the anomaly, suggesting that some noise 
caused by natural variability is still present. The number of scattered grid-cells will 
decrease when involving more ensemble runs in the analysis, thereby isolating the forced 
response even more. 
4.4.4 Sensitivity of proxy archives
Now that we have discussed the geographical distribution, magnitude, timing, duration 
and the temperature signal reflected in a single ensemble member, the question remains 
to what degree the anomalies demonstrated in the modelling results could be recorded 
in proxy archives. In addressing this question, it should be kept in mind that most 
proxy archives record climate changes non-linearly, which may accentuate or dampen 
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temperature variation. 
During recent years scientists have focused on increasing the temporal resolution 
of recovered proxy data, resulting in data with an annual-scale climate signature for 
instance from ice cores (Thomas et al., 2007) and varved lake sediments (Prasad et al., 
2006). Speleothem records from monsoon regions can reach a temporal resolution of 
less than 5 years (Wang et al., 2005; Fleitmann et al., 2003) and recently marine high-
resolution records with a sampling interval of around 20 years (e.g. Ellison et al., 2006; 
Brijker et al., 2007) are becoming more common. Despite the high-resolution, the climate 
signal is often smoothed by aquifer buffering (speleothems), bioturbation (sediments) and 
sample-size. 
Outside the North Atlantic “core region”, the modelled robust temperature 
anomalies shorter than 60 years are mostly less than 0.5ºC. Assuming that proxy archives 
record temperature anomalies linearly, even in the highest resolution records, it is 
probably impossible to distinguish the 8.2 ka event temperature signal from the recorded 
natural variability and background noise. Perhaps, high-resolution continental records on 
strategic locations that record a regional climate signal with relatively little background 
noise such as speleothem records may have a chance of recording these changes. This is 
shown in several Holocene speleothem records from Asian monsoon areas that correlate 
in high-detail and all appear to record regional climate changes (Fleitmann et al., 2007). 
However, these Asian summer monsoon records generally register the precipitation signal 
which overprints the much smaller temperature signal.
 The differences in timing that we observe in the simulation results are in the 
order of decades. To record such time-lags, the proxy record should have high temporal 
resolution and excellent time-control. Greenland ice cores are known for their great 
time-control, and have a layer counting uncertainty around the 8.2 ka event of 47 years 
(Rasmussen et al., 2006). Records such as the Cariaco basin varved sediments (Hughen 
et al., 1996; 2004) or the Dongge Cave stalagmite (Wang et al., 2005) also have a dating 
uncertainty of around 50 years in the early Holocene. These dating uncertainties in proxy-
records are too large to document the decadal scale differences in timing between areas 
suggested by our modelling results. However, when tuning records, valuable information 
on timing may be lost and therefore we recommend maintaining the original independent 
timescale of proxy records. 
4.5 Conclusions/Summary
We investigated the robust temperature response and evolution in simulations of the 8.2 
ka event in which we released a freshwater pulse in the Labrador Sea producing a cooling 
over Greenland in reasonable agreement with ice core evidence. Coming back to the 
questions posed in the introduction, our results suggest the following:
The simulated event displays a characteristic geographical fingerprint for the 
DJF and JJA season, as illustrated in Figure 4.3. Our results reflect an anomalous 
cooling in the Labrador Sea, Greenland, most of the North Atlantic Ocean and the 
east bounding land masses, the Arctic Ocean and south bounding land masses, the 
Mediterranean and northern Africa. In DJF a significant cold response is present 
1.
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in central Asia, while in JJA the northern Indian Ocean cools. In the Southern 
Hemisphere, an anomalous warming is present over the subtropical South Atlantic 
and in specific areas of the Southern Ocean, reflecting a bipolar seesaw. 
The temperature response of an abrupt event resulting from a North Atlantic Ocean 
freshwater forcing is not synchronous, and delays in the order of several decades 
are present. Over central Greenland, the cooling follows the freshwater pulse with 
a delay of 30 years. This implies that the timing of the drainage of the Laurentide 
Lakes and the onset of the 8.2 ka event in Greenland do not necessarily coincide, 
thereby narrowing the apparent gap that exists between the timing of both events. 
A delayed warming over the North Atlantic suggests an overshoot following the 
initial cooling period and before recovery to equilibrium conditions.
With respect to the duration of the event, our results show that away from the 
main impact area of the event, the duration of the significant temperature anomalies 
decreases. A reduced duration may explain why the event is recorded only in a fraction 
of the available proxy records, as (depending on their resolution) the probability 
of recording the event decreases. Also for locations in the North Atlantic area, our 
simulation results suggest that the significant temperature changes associated with 
the freshwater forcing cannot be expected to have the same duration and character 
as the 8.2 ka event in the Greenland ice cores in different locations.  
The pattern of the more widespread temperature response in the separate ensemble 
members (Fig. 4.4) suggests a general preference for a cold response in the Northern 
Hemisphere and a warm response in the Southern Hemisphere. Therefore, the 
probability of recording a cold (warm) response is larger in the northern (southern) 
hemisphere during the 8.2 ka event. Combining the ten ensemble members allows 
us to fingerprint the area robustly affected by a weakening of the North Atlantic 
MOC triggered by a freshwater perturbation in the Labrador Sea.
The method employed in this paper is ideal for tracing the climate fingerprint to any 
forcing. For instance, the response to a weak forcing mechanism, such as changes in solar 
intensity, can be investigated. In addition, delayed responses such as the late warming in 
the North Atlantic can be detected. A condition is that the climate response to a forcing is 
similar in the different ensemble runs. The method could still benefit from improvements, 
but as shown in this study the first results reveal new insights in the spatial and temporal 
evolution of the 8.2 ka event.
2.
3.
4.
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Chapter 5
A role for icebergs in the 8.2 ka event
Ane Wiersma and Jochem Jongma
Abstract
We investigate the potential role of icebergs in the 8.2 ka event, using a coupled climate 
model equipped with an iceberg component. First, we evaluate the influence of a large 
iceberg discharge originating from the decaying Laurentide ice sheet on ocean circulation. 
The effect of the dynamic icebergs is compared to a release of an identical volume of 
freshwater alone. Our results show that a large iceberg discharge facilitates sea-ice growth 
as a result of lower SSTs induced by latent heat of melting. This causes an 8% increased 
sea-ice cover, 5% stronger reduction in North Atlantic Deep Water production and 1ºC 
lower Greenland Summit temperatures. Second, we use the model to investigate a two-
stage lake drainage scenario as suggested by several investigators. In two experiments 
we release two realistic freshwater pulses into the Labrador Sea, and we accompany the 
second freshwater pulse with a 5-year and a 100-year iceberg discharge, respectively, 
to account for the final collapse of the ice-dam holding the Laurentide Lakes. These 
simulated two-stage lake drainage experiments are consistent with the anomalies observed 
around the 8.2 ka event in deep ocean sediment cores. In addition, they could account 
for climate anomalies preceding the 8.2 ka event as reported by several investigators and 
could explain the 200-year gap between the dated lake outburst and the start of the event 
in Greenland. Our results suggest a possible role for icebergs in the 8.2 ka event, and 
illustrate the importance of latent heat of melting in the simulation of climate events that 
involve icebergs.
Based on: 
Wiersma, A.P. and Jongma, J.I. A role for icebergs in the 8.2 ka event. Submitted to Climate 
Dynamics
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5.1 Introduction
The 8.2 ka event is a 160-year cold and dry period centered around 8200 years ago as 
observed in the Greenland ice core records where it is the most pronounced Holocene 
climate event (Alley et al., 1997). The 8.2 ka event is also recorded in a large number 
of proxy archives in the North Atlantic area as well as in areas influenced by monsoons 
(Alley and Ágústdóttir, 2005; Rohling and Pälike, 2005; Wiersma and Renssen, 2006). 
Proposed cause of the event is the sudden drainage of the Laurentide lakes (Lake 
Agassiz and Ojibway) around 8470 yrs BP through the Hudson Strait, as the remnants of 
the Laurentide Ice Sheet (LIS) that prevented the lakes from draining collapsed (Barber et 
al., 1999). The freshening of surface waters may have inhibited deep-water formation in 
the North Atlantic Ocean, leading to a decrease in northward oceanic heat transport and 
cooler conditions. Climate model experiments successfully simulated such a mechanism 
(e.g. Renssen et al., 2001, 2002; Bauer et al., 2004; LeGrande et al., 2006; Wiersma et 
al., 2006). 
Although the proposed mechanism of lake drainage could confirm many of 
the observed patterns (Alley and Ágústdóttir, 2005; Wiersma and Renssen, 2006), the 
hypothesis is not without debate. For instance, the red clay-layer in the Hudson Strait 
deposited by the lake outburst (Kerwin, 1996) was dated at 8470 +/- 300 (1σ) cal. yr BP 
(Barber et al., 1999), while the start of the climate event was dated at 8247 +/- 47 cal. yr 
BP in Greenland ice cores (Thomas et al., 2007; Rasmussen et al., 2006). Thus, although 
these events could coincide considering dating uncertainties, the lake outburst predates the 
start of the event by more than 200 years. Additionally, lake level reconstructions suggest 
that a single lake outburst may be an oversimplification, and the lakes may have drained 
in two separate outbursts (Teller et al., 2002). Such a two-stage lake drainage is supported 
by proxy evidence from a North Atlantic deep-sea sediment core presented by Ellison et 
al. (2006) (Fig. 5.1). The proxy record indicates two periods of surface ocean freshening 
which are separated by 200 years: the first one correlated with the lake outburst at 8470 
yr BP (Barber et al., 1999) and the second one correlated with the cooling in Greenland. 
Recently, Hillaire-Marcel et al. (2007) reported a double peaked sedimentological signature 
of the drainage of the Laurentide Lakes, which supports the two-stage lake drainage. 
In addition to freshwater from the Laurentide Lakes, the decaying Laurentide ice 
sheet could have supplied freshwater in the form of icebergs. In the period around the 8.2 
ka event the ice-dam that blocked the Laurentide Lakes disappeared within about a hundred 
years (Dyke, 2003, Fig 5.2), and increased ice-rafted debris (IRD) concentrations and 
iceberg scours (Bond et al., 1997, 2001; Moros et al., 2004; Josenhans and Zevenhuizen, 
1990) suggest increased iceberg activity around 8.2 cal ka BP. In a previous modelling 
study on the 8.2 ka event, Wiersma et al. (2006) accounted for the disappeared ice sheet 
by releasing additional freshwater. Introducing twice the estimated lake volume of 1.63 * 
1014 m3 (Leverington et al., 2002) in the Labrador Sea in a coupled climate model resulted 
in a cold period in Greenland that was in close agreement with the recorded duration of 
160 years (Thomas et al., 2007; Rasmussen et al., accepted). However, iceberg dynamics 
and thermodynamics were not accounted for. 
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Melting icebergs influence the surface ocean in two distinct ways: (1) they dilute 
the water through melting and (2) they cool the ocean as latent heat, which is required to 
melt the ice, is extracted from the surrounding waters. Through these mechanisms they 
facilitate the formation of sea-ice (Jongma et al., submitted), which can affect deepwater 
formation in various ways. In addition, icebergs can transport the freshwater over long 
distances, potentially affecting distant deepwater formation sites. 
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Figure 5.1: Inferred surface and deep ocean properties in core MD99-2251 (Ellison et al., 2006) 
compared to the GISP2 ice core. a) GISP2 temperature (δ18Oice) record with a constant age offset 
of +100 years as applied by Ellison et al. (2006). b) Faunal derived transfer function estimates of 
summer SSTs in MD99-2251. c) Inferred surface ocean stable isotope composition (δ18Oseawater) in 
MD99-2251. d) Variations in the mean size of the sortable silt as indicator of the near-bottom flow 
speed. The diamond marks the estimated timing of the final lake outburst at 8470 cal. ka BP (Barber 
et al., 1999) with 1σ uncertainty bars.
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In this study, we test the sensitivity of the early Holocene North Atlantic ocean 
circulation to a perturbation by an iceberg discharge released near the Hudson Strait outlet. 
For this purpose we use the ECBilt-CLIO-VECODE coupled climate model (Goosse and 
Fichefet, 1999) equipped with a dynamical/thermodynamical iceberg component (Jongma 
et al., submitted). First, we evaluate whether a perturbation by a large iceberg discharge 
results in a different response in ocean circulation compared to a perturbation by freshwater 
alone (Wiersma at al, 2006). Second, we test two scenarios of a two-stage lake drainage 
that was suggested in several studies (Ellison et al., 2006; Teller et al., 2002; Hillaire-
Marcel et al., 2007), with the second lake drainage accompanied by an iceberg discharge. 
In the first scenario we release two freshwater pulses separated by 200 years with volumes 
as suggested by Teller et al. (2002), and accompany the second lake drainage with a five-
year iceberg discharge corresponding to the volume of the disappeared ice dam. The 
second scenario is identical, except for the fact that we release the icebergs over a period 
of 100 years, which represents the minimum rate of decay of this part of the ice-dam 
(Dyke, 2003). 
5.2 Methods
5.2.1 Climate model
ECBilt-CLIO-VECODE (version 3) is a global, three-dimensional climate model of 
intermediate complexity consisting of an atmospheric (ECBilt), sea-ice – ocean (CLIO) 
and vegetation component (VECODE). CLIO (Goosse and Fichefet, 1999) is a primitive 
equation, free-surface ocean general circulation model (OGCM) (Deleersnijder and 
Campin, 1995; Campin and Goosse, 1999) coupled to a comprehensive sea-ice model with 
a representation of both thermodynamic and dynamic processes (Fichefet and Morales 
Maqueda, 1997; Goosse and Fichefet, 1999). The horizontal resolution of CLIO is 3º 
longitude by 3º latitude and there are 20 unequally spaced vertical levels in the ocean. 
ECBilt (Opsteegh et al., 1998) is a spectral quasi-geostrophic atmospheric model with 
three levels and T-21 resolution. VECODE (Brovkin et al., 2002) is a dynamic global 
vegetation model that simulates dynamics of two main terrestrial plant functional types 
(trees and grasses) as well as desert (bare soil). More information about ECBilt-CLIO-
VECODE and its climatology can be found on the models website (http://www.knmi.
nl/onderzk/CKO/ecbilt.html).
5.2.2 Iceberg model
As the coupled iceberg model response to preindustrial forcings is extensively discussed by 
Jongma et al. (submitted), we provide here only a brief overview of the iceberg model. 
5.2.2.1 Iceberg dynamics
Dynamics and thermodynamics of our iceberg module (Jongma et al., submitted) are 
based on the iceberg-drift model described by Bigg et al. (1997) and Gladstone et al. 
(2001). This model calculates the path of an iceberg as a function of the Coriolis force, air 
drag, water drag, sea-ice drag, horizontal pressure gradient force and wave radiation force. 
The general drag relations and the wave radiation force are according to Smith (1993). 
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Relevant forcing variables from the atmosphere- and ocean model are linearly interpolated 
from the four neighboring grid-corners. To prevent massive stranding of icebergs, in this 
study the icebergs are (weakly) repulsed when they are about to enter a grid cell with a 
depth shallower than the iceberg’s draught, contrary to the static stranding of icebergs in 
Bigg at al. (1997) and Jongma et al. (submitted).
5.2.2.2. Iceberg thermodynamics
Iceberg melting is simplified to basal melt, lateral melt and wave erosion (Bigg et al., 1997). 
Melting at the base occurs through turbulent heat transfer as a function of the temperature 
difference between iceberg and surrounding water, and the relative motion of the water 
past the iceberg that acts to carry heat to the berg (Weeks and Campbell, 1973). Melting 
along the sides occurs through buoyant convection as a function of water temperature (El-
Tahan et al., 1987), and wave erosion as a function of sea state (Bigg, 1997). To simulate 
a damping effect of sea-ice on sea-state we introduced a simple dependence of sea state 
on sea-ice, proportional to the fraction of open water in the sea-ice cover. When, through 
lateral melting the height of the iceberg is not stable with its length (Weeks and Mellor, 
1978), the icebergs roll over, but remain tabular and maintain their constant length-to-
width ratio of 1.5:1.
The freshwater and latent heat flux associated with the melting icebergs is fed back 
to the local grid-cell in the ocean model. Given the large iceberg discharges, in this study 
the basal and lateral melt fluxes are added to the respective ocean layer, instead of adding 
these fluxes to the ocean surface (Jongma et al., submitted). Possible feedbacks from the 
icebergs to the atmosphere, such as the effect on winds, air humidity or surface albedo are 
not taken into account. The iceberg model coupled to ECBilt-CLIO-VECODE simulates a 
reasonable present-day iceberg distribution (Jongma et al., submitted).
5.2.3 Experimental setup
5.2.3.1 Model boundary conditions
The experiments were started from a quasi-equilibrium early Holocene climate state 
identical to that described in Wiersma et al. (2006). Atmospheric greenhouse gas 
concentrations (Raynoud et al., 2000) and orbital parameters (Berger and Loutre, 1991; 
Berger, 1992) in the climate model are set to 8.5 ka BP values. In addition we allowed 
for a remnant Laurentide ice sheet by lowering surface albedo and increasing elevation of 
the grid cells according to the Peltier (1994) reconstruction. To represent the background 
Laurentide ice sheet melting, we introduced a baseline flow (Bauer et al., 2004) of 0.172 
Sv (1 Sv = 106 m3/s) (Licciardi et al., 1999) into the Labrador Sea. This baseline flow led 
to strongly reduced deep-water formation in the Labrador Sea (Wiersma et al., 2006) in 
agreement with proxy-data (Hillaire-Marcel et al., 2001). 
5.2.3.2 Sensitivity experiment
In the early Holocene climate state we introduce an armada of icebergs in the Labrador 
Sea with an ice volume of 1.77*1014 m3, equivalent to a freshwater volume of 1.63*1014 
m3. This latter value is the estimated volume of the Laurentide Lakes (Leverington et al., 
2002), and is identical to the volume of freshwater released in several previous freshwater 
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perturbation modeling studies of the 8.2 ka event (Bauer et al., 2004; LeGrande et al., 
2006; Wiersma et al., 2006). The iceberg discharge consists of 10 classes of icebergs 
identical to Bigg et al. (1997) (Table 5.1), based on present day observations of icebergs 
in the Arctic (Dowdeswell et al., 1992) (Fig. 5.3). 
The iceberg discharge is released daily over a 5-year period at five release sites 
near the Hudson Strait outlet. The experiment was performed five times (i.e. five ensemble 
members), each with different initial conditions obtained with 10-year intervals from a 
continuation of the early Holocene experiment. From this point on the iceberg perturbation 
experiment will be referred to as ICB.
In freshwater perturbation experiments that we use for comparison, we released 
Size 
class
Fraction of population 
by mass (%) for 
Armada:
Length (m) Width 
(m)
Draught 
(m)
Freeboard 
(m)
Mass 
(109 kg)
1 15 100 67 67 10 0.475
2 15 200 133 133 20 3.719
3 20 300 200 200 30 12.6
4 15 400 267 267 40 30.0
5 8 500 333 300 45 52.6
6 7 600 400 300 45 75.9
7 5 750 500 300 45 118.5
8 5 900 600 300 45 170.7
9 5 1200 800 300 45 303.5
10 5 1500 1000 300 45 474.2
0
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s
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The fraction of the iceberg population (by mass) within each class
Figure 5.3: Distribution of icebergs over the different classes, in agreement with observations from 
Weeks and Mellor (1978) and Dowdeswell et al. (1992).
Table 5.1: Fraction, size and weight of icebergs in each class
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a freshwater pulse of 1.63*1014 m3 during 5 years into the Labrador Sea in an identical 
early Holocene climate. The experiment is described in detail in Wiersma et al. (2006) 
as EHBLF5. For convenience, in this study we will refer to this freshwater perturbation 
experiment as FWP.
5.2.3.3 Scenarios for two-stage lake drainage and ice-dam collapse
Subsequently, we use the iceberg model to simulate two potential scenarios for the 
circumstances leading up to the 8.2 kyr BP event. A two-stage lake outburst is combined 
with a fast, respectively slow collapse of the ice-dam (Fig. 5.2). The two-stage lake 
outburst is based on the sequence of events observed in deep-sea sediment core MD99-
2251 (Ellison et al., 2006) (Fig. 5.1), indicating two short periods of surface-ocean 
freshening and cooling separated by 200 years (Fig. 5.1 b, c). The timing of the first event 
coincides with the timing of the lake outburst as deduced by Barber et al. (1999) and with 
a longer term weakening of bottom current strength (Ellison et al, 2006), an indicator of 
overturning intensity (Fig. 1d). This event has no large-scale counterpart in the Greenland 
ice core records (Ellison et al., 2006). The second period of cooling and freshening is 
associated with the 8.2 ka BP cooling as observed in the Greenland ice cores (Fig. 5.1a), 
and coincides with the most pronounced weakening in bottom current strength (Ellison et 
al., 2006). 
Here we prescribe a two-stage drainage of the Laurentide Lakes as inferred by 
Teller et al. (2002), with a first stage drainage of 1.13*1014 km3 of fresh water, followed 
by a smaller outburst of 0.50*1014 m3. The two outbursts are separated by a 200-year 
gap, corresponding to the gap between the periods of freshening as observed in Ellison 
et al. (2006). Starting from the previously described early Holocene state, we release the 
volume of the first outburst into the Labrador Sea over a 5-year period (equivalent to a 
constant freshwater flux of 0.72 Sv), followed after 200 years by the freshwater volume of 
the second outburst over a 5-year period (equivalent to a constant freshwater flux of 0.32 
Sv) (Table 5.2). 
Coinciding with the second lake drainage, we introduce two iceberg discharge 
scenarios (Table 2) to allow for the ice-dam that decayed in about 100 years around the 
time of the two-stage lake outburst (Dyke, 2003, Fig. 5.2). We estimated the volume of 
the ice-dam (Fig. 2) by multiplying the area between 55ºN and 60ºN and 90ºW and 80ºW 
(the estimated surface area) with an average height of the ice-dam of 340 m, amounting to 
1.0 * 1014 m3 of freshwater equivalent. This volume is a conservative estimate given the 
maximum heights of the ice-dam in different cross-sections used by Clarke et al. (2004) 
First lake outburst
(t = 300)
Second lake outburst 
(t=505)  
Iceberg discharge
(t=505)
TS-5 1.13 * 1014 m3 
in 5 years 
0.50 * 1014 m3 
in 5 years
1.00 * 1014 m3 
in 5 years
TS-100 1.13 * 1014 m3 
in 5 years
0.50 * 1014 m3 
in 5 years
1.00 * 1014 m3 
in 100 years
Table 5.2: Volume, release duration and timing of the two-stage lake drainage scenarios and of the 
iceberg discharge accompanying the second lake drainage.
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that range from 340 m to 735 m. 
In the first two-stage lake drainage scenario (TS-5), an abrupt collapse of the ice 
dam during the second lake drainage is simulated by daily iceberg discharge during 5 years, 
where the estimated dam volume is distributed over 10 classes of icebergs (Table 5.1, Fig. 
5.3). In the second two-stage lake drainage scenario (TS-100), a gradual decay of the ice 
dam is simulated by spreading the discharge over the 100-year time range given by Dyke 
(2003) (Table 5.1, Fig. 5.3). We note that the iceberg discharge represents an accelerated 
decay of the ice sheets and the total volume of the discharge is minor (~3%), compared to 
the total runoff estimated in the 600-year period around the 8.2 ka event (Licciardi et al., 
1999) that underpins the 0.172 Sv baseline flow. The TS-5 and TS-100 experiments were 
performed five times (i.e. five ensemble members), each with different initial conditions 
obtained with 10 year intervals from a continuation of the early Holocene experiment.
5.3. Results
5.3.1 Meltwater production and distribution in the ICB sensitivity 
experiment
As soon as the icebergs are introduced near the Hudson Strait outlet they start distributing 
meltwater. When the daily release of icebergs stops, meltwater production gradually 
decreases for 2 years and continues in slower rates from that point (Fig. 5.4a). Peak 
melting takes place in summer, resulting from higher ocean temperatures. The distribution 
of meltwater by the icebergs (Fig. 5.4b) shows that most icebergs travel into the Atlantic 
Ocean where they are transported either northward along the Norwegian coast up to 
Spitsbergen, or southward within the North Atlantic subtropical gyre up to the Canary 
Islands. A fraction of the icebergs travels north after the release towards the Canadian 
Archipelago. Larger icebergs cannot pass the shallow sills and have to melt before they 
can enter the Arctic Ocean. As a result of perennial sea-ice cover and low temperatures in 
the Arctic Ocean and Baffin Bay, icebergs floating northward survive up to four decades. 
This explains the continuing meltwater production after most icebergs have melted during 
the first 7 years (Fig. 5.4a). The melting icebergs produce a distinct cooling (Fig. 5.4c) of 
the sea-water of up to 9ºC in the release area near the Hudson Strait outlet. Mimicking 
the meltwater distribution, the cooling gradually decreases away from the Hudson Strait 
outlet (Fig. 5.4b).
The 7-year period in which the majority of the icebergs have melted (Fig. 5.4a) is 
comparably close to the 5-year freshwater introduction in the FWP experiment. Wiersma 
et al. (2006) showed that such a small difference in freshwater release duration does 
not lead to a different response of the ocean circulation in case of identical freshwater 
volumes. To test whether the “tail” of meltwater production from surviving icebergs in 
the Arctic Ocean (Fig. 5.4) influences our results, we performed a sensitivity experiment 
with no iceberg melt after the first 7 years, which revealed no difference compared to an 
experiment including the “tail” (not shown). 
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Figure 5.4: a) Monthly meltwater pro-
duction by icebergs. The icebergs are 
released in the first 5 years. b) Dis-
tribution of meltwater from icebergs 
during the first 5 years, the arrows 
indicate the main pathways. c) Mean 
annual sea surface temperature (SST) 
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5.3.2 Ocean response and Greenland temperatures in the sensitivity 
experiments
Both the FWP and ICB experiment show an immediate decrease in North Atlantic Deep 
Water (NADW) formation (Fig. 5.5a, d) and an increase in total sea-ice area in the 
Northern Hemisphere (Fig. 5.5b, e) in response to the perturbations at t=100. In response 
to the iceberg perturbation, the average NADW exported southward decreases by ~20% 
from 11 Sv to 9 Sv after 70 years (Fig. 5.5a). The freshwater perturbation results in a more 
moderate response of less than ~15% (Fig. 5.5d). Although the magnitude of the response 
is different, the total duration of significantly weakened overturning is 177 years in both 
experiments (Fig. 5.5a, d).
After the iceberg perturbation (ICB), the sea-ice area in the Northern Hemisphere 
rapidly expands by 14% from 11.5 * 1012 m2 to 13.3 * 1012 m2, before rapidly retreating 
to normal values again after 15 years (Fig. 5.5b). From this point, average sea-ice area 
increases again to 12.7 * 1012 m2 followed by a gradual return to pre-perturbed values 
within 170 years after the perturbation. The freshwater perturbation on the other hand 
leads to an initial increase of 6% from 11.5 * 1012 m2 to 12.2 * 1012 m2 in average sea-
ice area, followed by a drop toward 11.0 * 1012 m2 (Fig. 5.5e). After this drop below 
equilibrium values, average sea-ice cover increases again to 12.3 * 1012 m2 followed by a 
gradual retreat within 150 years after the freshwater pulse.
All ensemble members show a similar evolution in NADW production and sea-ice 
area in the Northern Hemisphere, which suggests that the perturbation by the icebergs 
and the freshwater that we apply does not bring the system into an intermediately stable 
state. As such, the perturbations lead to a generally predictable response of North Atlantic 
Ocean circulation.
At Greenland summit, simulated average temperatures abruptly drop by ~3ºC in 
the ICB experiment (Fig. 5.5c) and ~2ºC in the FWP experiment (Fig. 5.5f), followed by a 
fast return to pre-perturbed values, or even past pre-perturbed values in the FWP scenario. 
These decadal scale temperature variations inversely resemble the variations in sea-ice 
area. In ICB, Greenland Summit ensemble average temperatures then drop sharply again 
by 2.5ºC, recovering gradually in around 150 years after the perturbation (Fig. 5.5c). In 
FWP, this secondary cooling, with an ensemble average anomaly of up to 1.9ºC lasts at 
least 80 years, and possibly up to 190 years (Fig. 5.5f). 
5.3.3 Spatial response in the sensitivity experiments
The perturbations by the iceberg armada and the freshwater pulse both lead to decreased 
deep ocean convection, cooler sea surface temperatures (SST) in the North Atlantic Ocean 
and increased sea-ice cover. The major expansion of sea-ice area during the first 10 years 
of both perturbations (Fig. 5.5b and e) reflects a southward shift of the sea-ice edge, 
mainly in the Labrador Sea and Irminger Sea (Fig. 5.6). The larger sea-ice area in the ICB 
experiment is almost exclusively caused by a sea-ice tongue in the Labrador Sea (Fig. 5.6) 
following the contours of the main iceberg meltwater distribution and cooling (Fig. 5.4b, 
c).
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In the perturbed state, between 125 and 200 model years, the ICB experiment shows 
a more pronounced cooling (Fig. 5.7a), convection depth decrease (Fig. 5.7b) and sea 
ice expansion (Fig. 5.7a, b) relative to the perturbation by a freshwater pulse. Especially 
convection in the Irminger Sea (up to 2.5ºC colder), and the Hudson Strait outlet (1 – 1.5ºC 
colder) are more affected in the ICB experiment, but also the main convection site north 
of Scandinavia shows an increased sea-ice cover, accompanied by a southward shift of the 
convection site. 
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Figure 5.5: Climatic response to the iceberg (ICB; left panel) and the fresh water (FWP; right 
panel) discharges, which start at t=100. a) and d): North Atlantic Deep Water (NADW) exported 
southward in the Atlantic at 20ºS. b) and e): Sea-ice area in the Northern Hemisphere. c) and f): 
Greenland summit annual temperatures where both GRIP and GISP2 ice cores are located. Black 
lines represent the ensemble mean of five ensemble members (dark grey). The grey shading marks 
the period between t = 125 and t = 200 used for the anomalies plotted in Figure 7. As an indicator of 
the event duration, black “barcodes” indicate where the 21-year average is larger (b and e), respec-
tively smaller (a, d, c and f), than the ensemble mean between t=300 and t=400 with 99% confidence 
using a two-tailed t-test. Please note that the 10-year intervals between the ensemble members lead 
to repetition patterns before the perturbation.
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5.3.4 Two-stage lake outburst and ice-dam collapse scenarios
To allow for a data-model comparison between the reconstructed atmospheric and ocean 
properties (Fig. 5.1) and the results of the two-stage lake drainage scenarios, we plotted 
the simulated oceanic response at the coring site of MD99-2251 and the simulated 
atmospheric response on the Greenland Summit (Fig. 5.8). The simulated NADW export 
may be compared to the reconstruction of bottom current strength. Please keep in mind 
the difference in time scale and resolution between Figures 1 and 8. Unless indicated 
otherwise, the anomalies described here are based on the 21-year running average of 
the ensemble mean and the duration is estimated from the “barcodes” that indicate the 
significant anomalies.
The first 500 years of the two-stage lake drainage scenarios with respectively fast 
and slow iceberg release (TS-5 and TS-100) are identical. In every ensemble member, sea 
surface salinity (SSS) at MD99-2251 instantly drops by ~2 psu during the first freshwater 
release (Fig. 5.8 a, b ii) and several decades later summer SSTs show an 80-year cooling 
of ~0.6ºC (Fig. 5.8 a, b iii). The freshwater pulse causes a ~160-year reduction in NADW 
formation of up to ~10% (Fig. 5.8a, b iv), accompanied by two ~45-year cooling periods 
of up to 0.8ºC over Greenland Summit (Fig. 5.8 a, b i). 
In scenario TS-5 (Table 5.2), releasing the complete ice-dam volume in icebergs 
over 5 years together with the second freshwater pulse (Fig. 5.8a v), results in a short-
lived 3.5 psu reduction of ocean surface salinity in every ensemble member (Fig 5.8a iii). 
Summer SSTs show an initial drop of 4ºC in every ensemble member coinciding with the 
freshwater peak at the core location, which is followed by a 180-year cooling period of 
up to 1ºC lower SSTs (Fig. 5.8a ii). NADW export at 20°S decreases abruptly by 15%, 
recovering gradually in 180 years (Fig. 5.8a iv). Temperatures over central Greenland 
are significantly lower by up to 1.6°C during this same period, briefly interrupted by a 
relatively warm spike (Fig. 5.8a i). 
In scenario TS-100 (Table 5.2) the second freshwater pulse coincides with the 
start of the 100-years iceberg discharge (Fig. 5.8b v). SSS decreases by 0.3 psu during 
the iceberg discharge period of 100 years (Fig. 5.8b iii), followed by a 150 year period 
of recovery. The perturbation leads to a fast reduction in NADW formation of up to 23 
%, gradually recovering back to pre-perturbed values within 330 years (Fig. 5.8b iv). 
Dropping by 1.5°C, SSTs at the core location more or less resemble the NADW trend. 
Central Greenland temperature responds by a 350-year cooling of up to 2ºC (Fig. 5.8b i).
To investigate the response on remote locations where a cooling preceding the 
“sharp” event is recognized (Rohling and Pälike, 2005), we plotted the temperature 
response at the location of Ammersee in Germany (von Grafenstein et al., 1998; 1999) 
and over deep-ocean sediment core MD95-2011 in the Norwegian Sea (Risebrobakken et 
al., 2003) (Fig. 5.9). In these studies, during the “sharp” 8.2 ka event, mean annual cooling 
of respectively ~1.7ºC and ~2.0ºC are inferred from proxy data (von Grafenstein et al., 
1999; Risebrobakken et al., 2003). 
In response to the first freshwater perturbation at t = 300, mean annual SSTs in 
the Norwegian Sea interruptedly drops by up to 0.3ºC during a ~150-year period (Fig. 
5.9a, b). Over the Ammersee, this period is characterized by a 30-year cooling of up to 
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0.3ºC. The 5-year perturbation in TS-5 (Table 5.2) by the second lake drainage and iceberg 
discharge at t = 505 leads to a 130-year cooling of up to 0.7ºC over MD95-2011. Over the 
Ammersee, two periods of cooling are simulated within a 100-year period of up to 0.6ºC. 
In TS-100 (Table 5.2), the perturbation by the second lake drainage and 100-year iceberg 
discharge leads to a 330 year cooling up to 0.9ºC. Over the Ammersee, a 250-year cooling 
is simulated of up to 0.7ºC. 
5.4. Discussion
5.4.1 Iceberg sensitivity experiments
The initial peak in sea-ice cover and drop in Greenland summit temperatures (Fig. 5.5) 
takes place during the iceberg discharge (ICB) and the freshwater release (FWP). In both 
experiments, the short-lived sea-ice retreat that follows is associated with a warming, 
resulting from a shift in convection activity from northwest of Norway to northeast of 
Iceland. This is also accompanied by a short warm interruption at Greenland Summit. 
A similar fluctuation is observed in SSS en SST near the Denmark Strait in modeling 
experiments by Manabe and Stouffer (1995), also occurring after a short massive infusion 
of freshwater. We attribute the short shift in convection zone to regional water column 
instability resulting from the fast increase in surface water density as the freshwater 
release stops. 
The ICB experiments show a stronger reduction in NADW production, increased 
sea-ice cover and lower Greenland Summit temperatures (Fig. 5.5) compared to the FWP 
experiments. As the freshwater volumes of the ICB and FWP experiment are identical, 
we infer that the additional cooling that the melting icebergs produce (Fig. 5.4c) is largely 
responsible for the increased sea-ice cover in the Northern Hemisphere and associated 
NADW export reduction (Fig. 5.5). The spatio-temporal redistribution of the freshwater 
flux could also play a role, but the response of a sensitivity experiment with non-cooling 
icebergs was in line with that of the FWP experiment (not shown). 
The icebergs distribute meltwater over the North Atlantic Ocean, mainly between 
40ºN and 70ºN (Fig. 5.4b), where the latent heat associated with melting causes a cooling 
of the surface water of more than 1ºC (Fig. 5.4c). Both the freshwater flux and the latent 
melting heat facilitate sea-ice formation (Jongma et al., submitted). Sea-ice inhibits deep-
water formation through reducing oceanic heat loss to the atmosphere and by reducing 
sea surface salinity when melting (Wiersma et al., 2006; Bitz et al. 2007) especially 
in the Irminger Sea and Labrador Sea (Fig. 5.7 a and b). On the other hand, reduced 
deep ocean convection and associated reduced northward heat transport maintains the 
expanded sea-ice cover. Through this positive feedback loop, and because reduced deep 
ocean convection slows down the removal of the salinity anomaly and replacement by 
advected saline surface water from the south (Wiersma et al., 2006), the strongly increased 
sea-ice cover and reduced deep ocean convection in the ICB experiment are maintained 
up to 100 years after the perturbation (Fig. 5.7). The cooling caused by the iceberg’s 
latent heat of melting will increase the surface water density, which might be expected to 
enhance deep convection. In contrast, these results reveal that the deep convection is more 
affected by the positive feedback of increased sea-ice cover, so that the icebergs melting 
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heat effectively inhibits deep convection.  
These findings shed a new light on the 8.2 ka event. The catastrophic lake outbursts 
must have coincided with large iceberg releases if they were accompanied by (partial) 
collapse of the ice-dam. The discharged icebergs produce a larger weakening in NADW 
production than a freshwater pulse with the same volume, which is largely due to extra 
sea-ice facilitation by the latent heat associated with melting icebergs. The effect of sea-
ice facilitation and reduced ocean convection are mainly visible in the Labrador Sea and 
Irminger Sea (Fig. 5.4). The pronounced cooling in these areas in the ICB experiment also 
leads to a stronger cooling over central Greenland (Fig. 5.5c).
Our findings have important implications for hosing experiments aiming to simulate 
Heinrich events (e.g. Ganopolski and Rahmstorf, 2001). We have shown that the cooling 
caused by melting icebergs can have a significant effect on the ocean circulation response. 
We therefore propose that this type of hosing experiments should include the latent heat 
of melting for the freshwater volume that can be associated with icebergs, in conjunction 
with the “classical” freshwater perturbation. 
5.4.2 Two-stage stage lake drainage and ice dam collapse scenarios
The simulated two-stage lake outburst scenario combined with two alternative iceberg 
discharge scenarios representing the ice-dam collapse accounts for the anomalies observed 
in the deep-sea core MD99-2251 (Ellison et al., 2006) (Fig. 5.1). Two distinct cooling 
events are simulated at the MD99-2251 core location, accompanied by two periods of 
reduced salinities (Fig. 5.8a, b ii, iii). The first lake outburst leads to a 10% decrease in 
NADW export, that decreases by another 10 - 15% following the second lake outburst and 
ice discharge (Fig 5.8a, b iv). In TS-5 the decrease in NADW export is more abrupt, caused 
by the rapid ice cover expansion that such an iceberg armada triggers (Fig. 5.5b), while 
in scenario TS-100, NADW export gradually decreases during the 100 years of iceberg 
discharge. The accelerated reduction in NADW formation after the second perturbation 
may well be promoted by preconditioning of the surface waters by the first perturbation. 
The reconstructed decrease in sortable silt mean size during ~200 years following 
the second freshening, and the accompanying lower summer SSTs in MD99-2251 (Fig. 
5.1), are consistent with our TS-5 scenario where NADW export and summer SSTs 
decreases during 200 years after the second perturbation (Fig. 8). The simulations do not 
show an overshoot in NADW export following the weakening, as observed in bottom 
current strength. 
Figure 5.8: Simulated surface temperature at the Greenland Summit, surface ocean properties 
at the location of core MD99-2251, and NADW export for two potential drainage scenarios TS-5 
(a) and TS-100 (b). The five ensemble members are indicated in grey, with the 21-year running 
average in black. i) Simulated surface temperatures from the grid-cell covering the GISP2 and 
GRIP ice-core location. ii) Simulated summer SST from the grid-cell covering deep-ocean sediment 
core MD99-2251. iii) Simulated annual SSS from the grid-cell covering MD99-2251. iv) Simulated 
NADW exported southward in the Atlantic at 20ºS. v) Freshwater flux (Sv) from freshwater pulses 
(black) and icebergs (grey) applied in the model. As an indicator of the event duration, black 
“barcodes” indicate where the 21-year average is smaller than the ensemble mean between t=900 
and t=1000 with 99% confidence using a two-tailed t-test. Please note that the 10-year intervals 
between the ensemble members lead to repetition patterns before the perturbation.
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The simulated cooling following the first lake outburst is widespread. Over 
Greenland Summit, the cooling is small (0.8ºC) when compared with the simulated natural 
variability at the site, but should show up in the different Greenland ice core isotope 
profiles (Dye3, GISP2, GRIP and NorthGRIP). However, no marked cooling is present 
coinciding with the suggested timing of the lake outburst around 8470 ka BP (Thomas 
et al., 2007; Rasmussen et al., accepted). Nevertheless, several other records do show 
evidence of changes in this period. For instance, a significant increase in dust influx that 
is interpreted in terms of expansion and intensification of the polar vortex, is recorded in 
the GISP2 ice core around 400 and 200 years before the start of the 8.2 ka event (O’Brien 
et al., 1995; Mayewski et al., 1997). In addition, Rohling and Pälike (2005) report more 
evidence for a significant climate change preceding the “sharp” 8.2 ka event, such as a 
decrease in Norwegian Sea summer SST reconstructions (Risebrobakken et al., 2003), a 
cooling in Germany (von Grafenstein et al., 1999) and increased aridity in Cariaco Basin 
(Haug et al., 2001). Simulated temperatures over the Norwegian Sea and the Ammersee 
do indeed significantly drop following the first lake outburst (Fig. 5.9). 
The second lake outburst combined with the iceberg discharges causes a distinct 
modeled cooling in Greenland of 1.6ºC (TS-5) and 2ºC (TS-100) (21-year average of the 
ensemble mean). In separate ensemble members the lowest decadal average Greenland 
temperatures in TS-5 and TS-100 are 2.2ºC and 3.2ºC respectively. The magnitude of 
the TS-100 anomalies is consistent with the reconstructed cooling of ~3.3 +/- 1.1ºC 
(decadal average) during the 8.2 ka event in the GISP2 ice core (Kobashi et al., 2007). 
However, the simulated duration of over 300 years is twice the estimated duration of the 
8.2 ka event from data. On the other hand, TS-5 shows a duration of anomalies close to 
observed duration of the 8.2 ka event, but might underestimate the magnitude of the event 
in Greenland, Germany and the Norwegian Sea. 
Summarizing, the first and largest lake outburst, which may have deposited the 
red clay-layer in the Hudson Strait around 8470 yr BP (Barber et al., 1999), can explain 
the oceanic events recorded in MD99-2251 (Ellison et al., 2006). Although it remains 
ambiguous that the simulated cooling associated with the first lake outburst is not recorded 
in the Greenland ice core profiles, the two-stage lake drainage could provide a solution 
for the controversy in timing between the dated lake outburst and the 8.2 ka event in ice 
cores. Accordingly, the simulated first stage lake drainage preceding the “sharp” 8.2 ka 
event might be responsible for the anomalies starting around 8500 year BP that Rohling 
and Pälike (2005) report from many records and attribute to fluctuations in solar output, 
such as Ammersee and MD95-2011. In our idealized simulations discussed in Section 
5.3.4, the cause for the most pronounced event in Greenland is the collapse of the ice-dam 
in combination with a small lake outburst, and not a single lake outburst as simulated 
in other studies (Renssen et al., 2001; 2002; Bauer et al., 2004; Legrande et al., 2006; 
Wiersma et al., 2006). 
The ice-dam is never taken into account in hosing experiments for the 8.2 ka 
event, but it has disappeared in about a hundred years around the event (Dyke, 2003). In 
our experiments, combining a small lake outburst with a 5-year iceberg discharge leads 
to anomalies with a duration consistent with data, albeit with possibly underestimated 
amplitudes. A 100-year iceberg discharge leads to more pronounced anomalies, but with 
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too long duration. In comparison with a freshwater discharge, we have shown that in 
our model iceberg discharges are more effective in cooling the Greenland Summit (Fig. 
5.5c and f). These results imply that if the ice dam did indeed disintegrate within a 100-
year period as reconstructed by Dyke (2003), and was associated with iceberg surges, 
it probably led to a pronounced cold event in Greenland and the North Atlantic area. 
Therefore, we tentatively conclude that the single catastrophic lake outburst hypothesis 
should be revised.
5.5 Conclusions
We investigated the response of the early Holocene ocean circulation to a perturbation 
by an iceberg armada released near the Hudson Strait outlet in the ECBilt-CLIO coupled 
climate model equipped with an interactive iceberg module, and conclude the following:
A perturbation by an iceberg discharge leads to expanded sea-ice cover in the North 
Atlantic Ocean, a stronger weakening in NADW production, and stronger cooling 
over Greenland Summit compared to a freshwater perturbation with the same 
(freshwater) volume.
Sea-ice facilitation caused by lower SST resulting from latent heat of melting leads 
to increased sea-ice cover in the iceberg discharge experiments. The increased sea-
ice cover is responsible for inhibiting convection by reducing oceanic heat loss to 
the atmosphere and by freshening surface waters when melting. Conversely, the 
inhibited convection maintains the increased sea-ice cover.
Subsequently, we performed simulations of two-stage lake drainage scenarios for the 8.2 
ka event in which we accompany the second lake drainage with an iceberg discharge 
corresponding to the size of the ice-dam that disappeared around the 8.2 ka event.
A two-stage lake drainage scenario combined with an iceberg discharge representing 
the collapse of the ice-dam accounts for the events recorded in deep ocean sediment 
core MD99-2251 (Ellison et al., 2006) around the 8.2 ka event. In addition, it 
provides a solution for the 200-year gap between the dated lake outburst at 8470 
years BP (Barber et al., 1999) and the start of the event in Greenland at 8247 years 
BP (Thomas et al., 2007), and the climate anomalies preceding the 8.2 ka event as 
reported by Rohling and Pälike (2005). However, we note that these experiments 
do not account for the lack of a marked cooling preceding the 8.2 ka event in 
Greenland oxygen isotope profiles. 
Our simulations suggest that the sharp 8.2 ka event recorded in Greenland could 
be caused by an iceberg discharge associated with the collapse of the ice-dam in 
combination with a lake discharge. Accordingly, if the ice-dam did disappear within 
100 years around the 8.2 ka event, it probably led to a pronounced cold event in 
Greenland and the North Atlantic area.
These results illustrate the importance of latent heat of melting in the simulation of climate 
events that involve icebergs. Therefore, we recommend that hosing experiments aiming to 
1.
2.
3.
4.
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simulate Heinrich events should take into account the latent heat of melting.
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Chapter 6
Synthesis and future research
6.1 Synthesis and future research
The preceding chapters of this PhD thesis concentrate mainly on specific aspects of the 
character and causes of the 8.2 ka event event. This synthesis provides a concise overview 
of the main results, and places these results in a broader perspective of Holocene global 
climate change. The first section addresses the research questions once more and reviews 
the answers presented in this thesis. The second section presents an overview of research 
during the past decade since the first suggestion of a link between the catastrophic drainage 
of the Laurentide Lakes and the 8.2 ka event. Subsequently, the third section places the 
results of the foregoing chapters in the broader context of Holocene climate change. Then 
the fourth section discusses the results and implications of climate model experiments on 
the 8.2 ka event starting from a pre-industrial climate state instead of an early Holocene 
climate state. In conclusion, some recommendations for future research are presented in 
the fifth section chapter. 
6.2 Research questions
The main objective of this thesis is to gain a better understanding of the character and 
causes of the 8.2 ka event. To address this main objective, a number of research questions 
were put forward in the introduction that served as a framework for this thesis. These 
questions are:
a) What is the geographical distribution of climate change during the 8.2 ka event 
as recorded in proxy-archives and how is climate change expressed at different 
geographical locations?
 b) How does the distribution of climate change observed in proxy-  
archives compare to modeling results from Renssen et al. (2001; 2002) in which a 
freshwater pulse is released into the Labrador Sea to simulate the 8.2 ka event and 
what does that tell us about the mechanism behind the event?
2. a) What is the role of the volume and the duration of the freshwater discharge from 
the Laurentide Lakes in the ocean circulation response in simulations of the 8.2 ka 
event?
 b) What is the influence of meltwater from the background melting of the Laurentide 
ice sheet on the response of overturning circulation to the freshwater discharge?
How is the simulated 8.2 ka event characterized in terms of spatial variations in 
magnitude, timing and duration of the temperature response?
a. What was the potential role of icebergs from the decaying Laurentide ice sheet 
in the 8.2 ka event?
 b. Can a two-stage lake drainage of the Laurentide Lakes explain oceanic and 
1.
3.
4.
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atmospheric events observed in climate reconstructions in the North Atlantic 
area?
This section addresses these questions and provides a summary of my main results.
 
1. Geographical distribution and model-data comparison (Chapter 2)
We reconstructed the geographical distribution of the 8.2 ka event by combining the 
published proxy-data that record the event. Many proxy-records show anomalous changes 
around 8200 years ago, but the temporal resolution and chronological uncertainties are 
highly variable. As a result, these anomalous changes do not necessarily reflect a climate 
response that is associated with the 8.2 ka event as defined in central Greenland ice cores 
(Alley et al., 1997). To address this issue, we allocated a subjective rating to the records, 
indicating our opinion on the quality of the records and the confidence we have that the 
climate signal in these records is a representation of the 8.2 ka event. 
The combined proxy evidence suggests that the 8.2 ka BP is expressed as a cooling 
in eastern North America, Greenland, Scandinavia, Europe and the Mediterranean Sea. 
Dryer conditions occurred in Europe, Greenland, North Africa and the Mediterranean 
Sea, East Asia and the Caribbean. No convincing evidence is present from the Southern 
Hemisphere, except possibly for a warming. Strikingly, all evidence from the Alpine 
region reflects a wet response. Although there remains uncertainty in the interpretation 
of proxy data and their chronologies, the large number of records reflecting anomalous 
climate changes around the 8.2 ka event suggests that this reconstructed geographical 
distribution is robust.
We compared the reconstructed distribution of the event to climate model 
simulations by Renssen et al. (2001; 2002). They performed climate model simulations 
of the 8.2 ka event with version 2 of the ECBilt-CLIO coupled climate model. In one 
particular experiment discussed in Chapter 2, a freshwater pulse of 4.3 x 1014 m3 was 
released over 20 years into the Labrador Sea in an early Holocene climate state. The 
simulated temperature anomalies related to the freshwater perturbation show cooling in 
high northern latitudes, which is most pronounced around the North Atlantic Ocean. A 
slight warming is simulated in the Southern Hemisphere. Simulated annual precipitation 
anomalies reflect a dry response over Europe, polar regions and tropics. Furthermore, a 
conspicuous increase in precipitation is simulated around 20ºS in boreal winter, associated 
with an enhancement of intertropical convergence zone (ITCZ) convection. 
In general, the reconstructed geographical distribution of the temperature and 
precipitation response for the 8.2 ka event is captured reasonably well by simulation 
results, thereby supporting the hypothesized forcing of the event by the drainage of the 
Laurentide Lakes.
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2. Importance of the volume and the duration of the freshwater discharge 
and influence of meltwater (Chapter 3) 
To evaluate the relative importance of the volume and duration of the freshwater discharge 
we utilized version 3 of the ECBilt-CLIO-VECODE coupled climate model (i.e. an updated 
and improved version compared to the version applied by Renssen et al. (2001; 2002)). 
Starting from an early Holocene climate state we released freshwater pulses varying in 
volume and duration based on published estimates. Our results showed that increasing 
volumes produced a prolonged weakening of the Meridional Overturning Circulation. On 
the other hand, releasing these volumes over varying durations did not lead to a notably 
different response. These results imply that the amount of freshwater released is the 
decisive factor in the response of the ocean, while the release duration only plays a minor 
role, at least when considering the short release durations (1, 2 and 5 years) of the applied 
freshwater pulses. 
Using the same model we evaluated the influence of a baseline flow (0.172 Sv) in 
the Labrador Sea to account for the background-melting of the Laurentide ice sheet. The 
baseline flow results in a more realistic early Holocene climate state with no deep ocean 
convection in the Labrador Sea. Applying the freshwater discharges described above into 
a control climate with a baseline flow produced a prolonged weakening of the overturning 
circulation compared to the same experiments in an early Holocene climate without 
baseline flow. This implies that in experiments with a baseline flow, less freshwater is 
needed to produce an event of similar duration.
Convection strength in the Labrador Sea may play an important role in the 
duration of the overturning circulation recovery. Intensified convection in the Labrador 
Sea immediately after the perturbation in the experiments without a baseline flow may 
facilitate the removal of the freshwater anomaly through convection, while convection 
remains dampened in the experiments with a baseline flow by the lower density of the 
surface water. These experiments illustrate that model studies covering the 8.2 ka event 
should consider including a representation of a baseline flow in their early Holocene 
climate state.
 
3. Characterization of the 8.2 ka event in a coupled climate model 
(Chapter 4)
To characterize the 8.2 ka event as simulated in a coupled climate model we developed an 
analysis method that isolates the forced temperature response and provides information on 
spatial variations in magnitude, timing and duration that characterize the climate event. 
As input we analyzed 10 ensemble members (identical experiments with slightly different 
initial conditions) of a freshwater perturbation modelling experiment that produced an 
event in Greenland that was in close agreement with Greenland ice cores. 
The analysis produces a characteristic geographical fingerprint for the December, 
January, February (DJF) and June, July and August (JJA) season. An anomalous cooling 
is simulated in the Labrador Sea, Greenland, most of the North Atlantic Ocean and 
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the east bounding land masses, the Arctic Ocean and south bounding land masses, the 
Mediterranean and northern Africa. In DJF an anomalous cold response is present in 
central Asia, while in JJA the northern Indian Ocean cools. In the Southern Hemisphere, 
an anomalous warming is present over the subtropical South Atlantic and in specific areas 
of the Southern Ocean, reflecting a bipolar seesaw. 
Furthermore, the analysis shows that delays in the temperature response to the 
freshwater forcing are present, mostly in the order of decades (30 years over central 
Greenland). The North Atlantic Ocean initially cools in response to the freshwater 
perturbation, followed in certain areas by a warm response. This delay, occurring more 
than 200 years after the freshwater pulse, hints at an overshoot in various areas in the 
ocean circulation recovery to the freshwater perturbation. The duration of the simulated 
event varies for different areas, and the highest probability of recording the event in proxy 
archives is in the North Atlantic Ocean area north of 40ºN.
The method applied is ideal for tracing the climate fingerprint to any forcing. For 
instance, the climate response to a weak forcing mechanism, such as changes in solar 
intensity, can be investigated. In addition, delayed responses such as the late warming in 
the North Atlantic can be detected. A condition is that the climate response to a forcing is 
similar in the different ensemble runs. 
4. Potential role of icebergs in the 8.2 ka event and evaluation of a two-
stage lake drainage scenario (Chapter 5)
To examine the potential role of icebergs originating from the decaying Laurentide 
ice sheet in the 8.2 ka event, we used ECBilt-CLIO-VECODE coupled climate model 
equipped with a dynamical iceberg component. In this model, an early Holocene climate 
state is perturbed by a large iceberg discharge released near the Hudson Strait outlet. The 
effect of the iceberg discharge on ocean circulation is compared to the effect of a release 
of an identical volume of freshwater alone. 
These experiments show that, compared to a freshwater perturbation with the 
same (freshwater) volume, a perturbation by an iceberg discharge leads to expanded sea-
ice cover in the North Atlantic Ocean, a stronger weakening in NADW production, and 
stronger cooling over central Greenland. This stronger response to the iceberg discharge 
is the result of sea-ice facilitation caused by lower SSTs resulting from latent heat of 
melting. The resulting increased sea-ice cover is responsible for inhibiting convection 
by reducing oceanic heat loss to the atmosphere and by freshening surface waters when 
melting. Conversely, the inhibited convection maintains the increased sea-ice cover, and 
thus represents a powerful positive feedback.
A two-stage lake drainage scenario is evaluated with the same model to see if 
this could explain the apparent conflict in timing between the lake drainage and the 
cooling in Greenland. We released two freshwater pulses separated by a 200-year gap, and 
accompanied the second freshwater pulse with an iceberg discharge. The volumes of the 
freshwater pulses and the 200-year gap were based on published estimates. The volume 
of the iceberg discharge corresponded to the size of the ice-dam that disappeared around 
the 8.2 ka event. In two different scenarios concerning the second stage we released the 
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icebergs over 5 years and 100 years. 
These simulations show that a two-stage lake drainage scenario combined with an 
iceberg discharge representing the collapse of the ice-dam accounts for the events recorded 
in deep ocean sediment core MD99-2251 around the 8.2 ka event. In addition, it provides 
a solution for the 200-year gap between the dated lake outburst at 8470 year BP and the 
start of the event in Greenland, and for the climate anomalies preceding the 8.2 ka event 
as reported by Rohling and Pälike (2005). However, we note that these experiments do not 
account for the lack of a marked cooling preceding the 8.2 ka event in Greenland oxygen 
isotope profiles. 
6.3 Progress in research on the 8.2 ka BP
This section reviews the progress in research on the 8.2 ka event since its recognition, 
by discussing some relevant publications and findings. The motivation behind this is that 
the 8.2 ka event is a good example of the enormous progress in understanding that can 
be achieved by focusing of a scientific community on one event. On the other hand, the 
progress in research also clearly illustrates the development of ideas and sometimes the 
relativity of previous findings. 
For instance, two of the key publications on the 8.2 ka event have been withdrawn 
several years after their publication. These papers, McDermott et al. (2001) and Baldini 
et al., (2002), both showed strong evidence for a short cool and dry period inferred from a 
speleothem record from Ireland that was later identified as an analytical artifact (Fairchild 
et al., 2006). This could have implication for the interpreted climate response to the 8.2 
ka event in Europe, because the drought inferred from these publications was the main 
evidence for the suggested drought in Europe (Alley and Ágústsdóttir, 2005; Wiersma and 
Renssen, 2006). 
A good example of the progress are the attempts to quantify the magnitude of 
cooling for the 8.2 ka event in the central Greenland ice cores, an important target for 
modeling studies. The conventional method uses the empirical modern spatial relationship 
of temperature and �18O of precipitation. Using this spatial calibration (Johnsen et al., 
1989), the 1.8‰ change of �18Oice (decadal average) during the 8.2 ka event in the GISP2 
and GRIP ice cores corresponds to 2.7ºC cooling (Kobashi et al., 2007). However, the 
modern spatial relationship has varied in time (Cuffey et al., 1995; Jouzel et al., 1997). 
Therefore, Alley et al. (1997) calibrated the GISP2 oxygen isotope record using the 
borehole-temperature estimate for the Holocene (Cuffey et al., 1995) and estimated the 
magnitude of the 8.2 ka BP cooling over central Greenland to be 6 +/- 2ºC. An assumption 
was that the temperature sensitivity at a millennial time scale is valid for the decadal time 
scale. Using the fractionation of nitrogen isotopes from trapped air in the GRIP ice core, 
Leuenberger et al., (1999) estimated the magnitude of the cooling as 7.4ºC with a range 
of 5.4 – 11.7ºC. At present, the most recently published estimate of the magnitude of the 
decadal average cooling in Greenland is 3.3 +/- 1.1 ºC (Kobashi et al., 2007), obtained 
from an improved nitrogen isotope analysis on the GISP2 ice core.
As already shown in the previous example, a great deal of effort is put into the 
(re)analysis and characterization of the 8.2 ka event recorded in the Greenland ice cores, 
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the “type section” of the 8.2 ka event. As a result, annually resolved isotope profiles have 
recently become available from the different ice cores for the period around the 8.2 ka 
event (Fig. 6.1). In two key-publications on the 8.2 ka event (Alley et al., 1997; Barber 
et al., 1999), the event occurred between 8400 and ~8000 years ago with typically 1% 
counting errors (Alley et al., 1997). Similarly, in the introduction of Chapter 2 of this 
thesis (Wiersma and Renssen, 2006) the event is assigned a length of 300 years. Currently, 
the length of the event is estimated at 160.5 years +/- 5.5 years with a central colder event 
of 69 +/- 2 years (Thomas et al., 2007, Fig. 6.1). The estimation of the onset of the event 
is improved to 8247 years BP (Thomas et al., 2007) with a maximum counting uncertainty 
of 47 years (Rasmussen et al., 2006).
The draining Laurentide Lakes as source for the freshwater that caused the 
slowdown in overturning circulation had been suggested in several studies (Alley et al., 
1997; Klitgaard-Kristensen et al., 1998; von Grafenstein et al, 1998). However, it only 
became likely after Barber et al. (1999) revised the estimated timing of the lake drainage 
to 8470 +/- ~300 (1σ) cal. year BP. With all evidence pointing at the Laurentide Lakes, 
comprehensive studies became available that estimated the volume of the lakes on 1.63 
*1014 m3 (Leverington et al., 2002; Teller et al., 2002). Later, Clarke et al. (2004) simulated 
the flooding that such lakes would produce if they drained by subglacial flooding, and 
concluded that at most half of the lakes could have drained through this mechanism. 
In 2003, at the start of the research presented in this thesis, the slowdown in 
overturning circulation that these draining lakes should have caused had only been 
observed in climate modelling studies. No proxy-based evidence for an overturning 
slowdown was yet published in the literature. In fact, the only evidence for a change in 
deep ocean circulation suggested an increased bottom current speed, a measure for the 
rate of overturning circulation (Bianchi and McCave, 1999). Later studies showed data 
that could be interpreted as evidence for reduced overturning circulation during the 8.2 
ka event at several sites (Oppo et al., 2003; Hall et al., 2004; Piotrowski et al., 2004), 
but these studies were far from coherent in timing and duration of reduced overturning 
circulation. Only recently, Ellison et al. (2006) reported the first causal link between a 
surface freshening and reduced overturning circulation from a high-resolution deep ocean 
sediment core south of Iceland. Since then, also Fleische-Kleiven et al. (2008) have 
reported convincing evidence for reduced overturning connected to the 8.2 ka event from 
a deep ocean sediment core. 
Although this thesis only explores the hypothesis that the 8.2 ka event was caused 
by catastrophic lake drainage, alternative causes have been speculated. Hillaire-Marcel 
et al. (2007) for instance, speculate that the sudden dislocation of the residual Laurentide 
ice sheet (LIS) and the subsequent decrease in altitude could have led to reorganization 
of atmospheric trajectories and impacted the regional albedo and related feedbacks. 
Alternatively, they suggest that the sea-level rise associated with the lake drainage and 
accelerated LIS retreat could also account for some of the palaeoclimatic events recorded 
in proxy data around 8.2 ka BP. Other studies have pointed to the concurrence of a 
reduction in solar irradiance at 8.3 ka BP and the 8.2 ka event (Bond et al., 2001; van Geel 
et al., 2003), arguing that changes in solar activity could have caused the observed climate 
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changes, most likely through triggering changes in ocean circulation. As already discussed, 
during the course of research leading to this thesis, evidence for a weakening in ocean 
circulation associated with a freshening of the North Atlantic surface water has become 
stronger. Still, these alternative hypotheses should not be lost out of sight. Although the 
hypothesized lake drainage accounts for most of the evidence from proxy-data, many 
uncertainties in the interpretation of proxy-signals remain. The complex signal recorded 
in climate proxy-data around the 8.2 ka event may well be the result of a combination of 
these alternative hypotheses and the lake drainage. 
 
6.4 The 8.2 ka event in the light of other Holocene events
The early Holocene in oxygen isotope profiles from three Greenland ice cores is 
characterized by more events than the 8.2 ka event (Fig. 6.2) (Rasmussen et al., in press). 
As the records are synchronized, and the distance between the northernmost (NorthGRIP) 
and the southernmost (DYE-3) is more than 1000 km, covarying anomalies in the three 
profiles can at least be expected to be regional events. The three century-scale events 
indicated in Figure 6.2, the Preboreal oscillation (PBO), the 9.3 ka event and the 8.2 ka 
event all took place in a world with decaying continental ice sheets remaining from the last 
glacial. Strikingly, all three events are followed by a warm “overshoot”, consistent with 
our freshwater perturbation simulations (Chapter 4).
Like the 8.2 ka event, the PBO has been attributed to a slowdown in overturning 
by increased meltwater flow into the North Atlantic (Björck et al., 1996). There are two 
candidates for the source of this freshwater: the waning Fennoscandian ice sheet and 
associated drainage of the Baltic Lake (Hald and Hagen, 1998; Björck et al., 1996; Björck, 
1997) and drainage from Lake Agassiz through the Mackenzie River (Fisher et al., 2002). 
Evidence for climate events associated with the PBO appears to be more confined to the 
Figure 6.1: Oxygen isotope ratios for the 8.2 ka event between 1310 and 1355 m. Data are shown 
for GRIP, GISP2, NGRIP, and Dye 3 all plotted on the GRIP depth scale and the GICC05 age scale, 
with all data smoothed to approximately 10 yr running averages. Outer dashed lines indicate onset 
and termination of whole event and inner dashed lines indicate onset and termination of central 
event (from Thomas et al., 2007).
Chapter 6: Synthesis and future research
150
80
00
90
00
10
00
0
11
00
0
12
00
0
Ti
m
e 
(y
ea
rs
 B
2K
)
-4
2
-4
0
-3
8
-3
6
-3
4
-3
2
δ
18
O (‰)
-4
0
-3
8
-3
6
-3
4
-3
2
δ18O (‰)
-3
4
-3
2
-3
0
-2
8
-2
6
δ
18
O (‰)
N
or
th
G
R
IP
G
R
IP
D
Y
E
-3
??
??
??
??
??
??
??
??
??
??
??
??
??
?
Fi
gu
re
 6
.2
: T
he
 D
Y
E
-3
, G
R
IP
 a
nd
 N
G
R
IP
 δ
18
O
 p
ro
fil
es
 in
 th
e 
7.
9–
11
.7
 k
a 
b2
k 
in
te
rv
al
, r
es
am
pl
ed
 to
 1
0-
ye
ar
 r
es
ol
ut
io
n 
on
 th
e 
G
IC
C
05
 
tim
e 
sc
al
e 
(a
da
pt
ed
 fr
om
 R
as
m
us
se
n 
et
 a
l.,
 2
00
7)
.
Chapter 6: Synthesis and future research
151
North Atlantic area, suggesting that the PBO was smaller in magnitude than the 8.2 ka 
event. Because the PBO and 8.2 ka event are both associated with increases of 14C in 
the atmosphere, van Geel et al. (2003) suggested the possibility that these events were 
triggered by changes in solar output. However, decreased ocean ventilation associated 
with triggering by North Atlantic surface freshening also results in increased atmospheric 
14C concentrations. Therefore, assigning climate fluctuations to variations in solar output 
remains controversial. Also, no plausible mechanism has been postulated yet that explains 
how small variations in solar output could have triggered large ice sheet instabilities. 
Modelling the response of 14C in the atmosphere to changes in ocean ventilation may 
provide answers in this debate.
Although it is comparable to the 8.2 ka event, the PBO has received less attention, 
especially in modelling studies. This is related to the fact that the event occurred in a 
period when climate was still recovering from a glacial state. A realistic simulation of 
the PBO therefore requires a transient simulation from the Younger Dryas towards the 
early Holocene, including changing ice sheets and associated freshwater discharges and 
re-routings. Such a simulation is simply not yet feasible with the current generation of 
climate models. 
The event around 9.3 ka is also recorded in oxygen isotope records from stalagmites 
from Oman and China (Fleitmann et al., 2007) and in lake sediment records from England 
(Marshall et al., 2007) and Germany (von Grafenstein et al., 1998), but is otherwise rarely 
reported from climate reconstructions. This suggests that the event is smaller in magnitude 
than the 8.2 ka event and has a smaller geographical distribution. Also, in the Greenland 
ice core isotope profiles the event is the least expressed of the three events discussed here. 
Still, considering the setting in which it took place and the similarity in shape to the PBO 
and 8.2 ka event, it is likely that the event is also associated with an overturning circulation 
slowdown caused by increased meltwater in the North Atlantic from decaying ice sheets.
In the light of the PBO and 9.3 ka event, the 8.2 ka event could be seen as the last 
hiccough in the transition from glacial climate to present day climate. The 8.2 ka event 
is more often recognized in climate reconstructions than the former two, which suggests 
that the event was larger in magnitude. In addition, the recognition of the event is also 
facilitated by the more stable Holocene background climate, which makes it easier to 
recognize an event and correlate it to synchronous excursions in other records.
For the remainder of the Holocene, several investigators report the presence of 
millennial-scale climate variability throughout the Holocene that includes the 8.2 ka event 
(e.g. Bond et al., 1997; 2001; deMenocal et al., 2000; Mayewski et al., 2004). Bond 
et al. (2001) suggested that the Holocene climate variability was related to changes in 
solar output that occur in a regular cycle of 1470 years. However, a critical evaluation by 
Schulz et al. (2004) revealed that the regular cycle and its solar origin are rather unlikely 
for the Holocene. Schulz et al. (2004) also showed that several high-resolution records 
showing Holocene climate variability exhibit no obvious common denominator in terms 
of variability at centennial to millennial time scales. 
The GRIP isotope profile shows evidence for a regular cycle with a periodicity of 
~900 years that is robust in time-series analyses (Schulz and Paul, 2002). Interestingly, 
these oscillations appear to be triggered by the 8.2 ka event and gradually dampen in 
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magnitude until 3.5 ka BP (Schulz and Paul, 2002). The mechanism that they tentatively 
propose for this cyclicity is that negative salinity anomalies in the North Atlantic caused by 
the draining of the Laurentide Lakes are mixed down into the deep-ocean and propagated 
southward. Subsequent upwelling of the anomaly and its entrainment into northward 
flowing water masses, which feed deep water formation, returns the reduced anomaly 
to its origin. This would imply that the 8.2 ka event is an essential component in the 
evolution of Holocene climate in the North Atlantic.
Although probably not part of a regular millennial scale cyclicity several wide-
spread isolated events are persistent in proxy records. These events include a cold event 
around 5.3 ka BP recorded at different sites in western-central Europe (Magny and Haas, 
2004), a widespread climate shift around 4.2 cal. ka BP (e.g. Marchant and Hooghiemstra, 
2004; Booth et al., 2005) and an event around 2.8 cal. ka BP that correlates to a period 
of reduced solar activity (van Geel et al., 1998). The Little Ice Age (LIA) is the last cold 
event that is recurring in many proxy records, and is also correlated with a minimum 
in solar activity (e.g. Mauquoy et al., 2002). However, the reconstructed geographical 
distribution of these events is based on less proxy evidence than the 8.2 ka event, which 
suggests they were smaller in magnitude and/or more regional. 
Rohling and Pälike, (2005) pointed out that in many climate reconstructions the 8.2 
ka event appears to be superimposed on a longer term cooling of 400 – 600 years. If this 
long-term cooling has a forcing independent of the sharp 8.2 ka event, such as a change 
in solar activity as suggested by Rohling and Pälike (2005), it would be difficult to assess 
the impact of the meltwater-forced 8.2 ka event because it is impossible to separate these 
different signals. However, Chapter 5 of this thesis shows that this longer term cooling 
could also be explained by lake drainage events. 
The reconstructed distribution of the 8.2 ka event leans on several convincing 
high-resolution records (e.g. Alley et al., 1997; von Grafenstein et al., 1998; Klitgaard-
Kristensen et al., 1999; Hughen et al., 1996; Risebrobakken et al., 2003). Strikingly, in 
these records from the North Atlantic area, the 8.2 ka event stands out in a relatively 
stable Holocene climate. In low latitude records on the other hand, evidence for the 8.2 ka 
event, if present at all, is often of the same order of magnitude as other Holocene climate 
events (Morrill and Jacobsen, 2005). Also speleothems recording monsoon activity do 
convincingly show the 8.2 ka event, but as one of several abrupt events, each indicating a 
southward shift of the ITCZ (Fleitmann et al., 2007). 
The abrupt climate events in the Holocene suggest that ice-sheet dynamics and 
associated meltwater pulses were the main climate forcing mechanism in the early Holocene 
until the Laurentide ice sheet had melted sufficiently. The 8.2 ka event is the last clear 
example of climate changes forced by this mechanism. The climate changes associated 
with meltwater forcing were several orders of magnitude larger than climate excursions 
associated with other forcings such as variations in solar activity, at least for the North 
Atlantic area. In low latitude areas, the signal of freshwater forced North Atlantic climate 
events is muted and the impact appears to be of similar magnitude to other decadal to 
centennial scale climate events. Many of these low latitude records are sensitive to shifts 
of the ITCZ. This could explain the similarity in strength of Holocene events, because 
every shift, independent of its scale, results in a similar reduction of precipitation.
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6.5 Holocene ocean circulation sensitivity
Previous GCM studies on the impact of freshwater perturbations on past climates have 
been using preindustrial climates as a base state, for instance the experiments focused 
on the Younger Dryas performed by Manabe & Stouffer(1995) and the study on the 8.2 
ka event by LeGrande et al. (2006). Using a pre-industrial control climate has several 
advantages. The most obvious advantage is that no new (computationally expensive) 
equilibrium runs have to be performed, because a pre-industrial control climate is readily 
available for every climate model. Furthermore, the model’s climatology under pre-
industrial boundary conditions (i.e. modern insolation, CO2 concentration 280 ppmv) is 
generally well validated, whereas early Holocene climate is not. 
However, we know that the early Holocene climate was different from the pre-
industrial climate. A remnant Laurentide ice sheet was still present on the North American 
continent that resulted in a higher freshwater flux into the North Atlantic Ocean and 
influenced atmospheric circulation. The orbital configuration in the early Holocene resulted 
in a larger seasonal contrast compared to present day, with warmer boreal summers and 
colder boreal winters. 
Therefore, to make the experiments on the 8.2 ka event as realistically as possible, all 
experiments in this PhD thesis were performed using a control climate with early Holocene 
boundary conditions. In ECBilt-CLIO-VECODE, adjusting the boundary conditions 
to early-Holocene values (without introducing a baseline flow from the Laurentide ice 
sheet) leads to an overturning circulation strength similar to the pre-industrial overturning 
strength. This could imply that starting from a pre-industrial control climate state may 
produce similar results as starting from an early Holocene control climate state (without 
baseline flow), as the initial strength of overturning circulation is an important factor in the 
response of the ocean circulation to a freshwater perturbation. 
To test whether there is a difference in ocean circulation response to a freshwater 
pulse using the early Holocene and pre-industrial control states, we performed identical 
perturbation experiments starting from both control climate states. For this purpose, we 
perturbed both control states in the ECBilt-CLIO-VECODE coupled climate model with 
a freshwater pulse of 3.26 x 1014 m3 into the Labrador Sea. Both experiments are repeated 
five times, each with different initial conditions that were obtained by taking samples 
every 10 years from a continuation of the control experiment.
The freshwater pulse in the pre-industrial climate state results in a generally longer 
weakened overturning circulation and a generally less predictable recovery (Fig. 6.3). 
The difference in response is probably caused by differences in convection strength at 
the various deep-water formation sites. Although the total volume exported south in 
the North Atlantic Ocean at 20ºS is comparable between the simulated early Holocene 
and pre-industrial climate, the convection depth at the various deep water formation 
sites is different between the two states. Convection in the Labrador Sea is stronger and 
convection in the GIN Seas is weaker in the pre-industrial climate compared to convection 
intensity at the same sites during the early Holocene climate. This difference is confirmed 
in transient simulations of the Holocene climate over the past 9000 years that show a 
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gradual strengthening of convection depth in the Labrador Sea and a gradual weakening 
in the GIN Seas (Renssen et al., 2005). 
The results from these experiments are important for two reasons. In the first 
place they illustrate the importance of the background climate on ocean sensitivity. To 
perform a realistic simulation on the 8.2 ka event, it is important to start from a control 
climate state as close as possible to the early Holocene climate state because starting from 
a pre-industrial control climate results in a different response of ocean circulation. In the 
second place these results illustrate the uncertainties involved in assessing the present 
ocean circulation sensitivity, and its response to perturbations, even when perturbed by an 
identical forcing. 
These experiments comparing the ocean circulation response during two climate 
states, e.g. an early Holocene control climate state and a pre-industrial control climate 
state are performed without taking into account the additional freshwater flux from the 
decaying Laurentide ice sheet. In Chapter 3 in this thesis, we showed that introducing a 
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Figure 6.3: Response 
of North Atlantic Deep 
Water (NADW) exported 
southward at 20ºS in the 
Atlantic Ocean to a fresh-
water pulse of 3.26 * 1014 
m3 introduced at t = 0. 
a) starting from an early 
Holocene control climate 
and b) starting from a pre-
industrial control climate. 
The grey lines represent 
the 5 ensemble members 
of the experiments and the 
black line is the ensemble 
mean. Note the prolonged 
perturbed state and less 
predictable recovery in 
the pre-industrial control 
climate.
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baseline flow from the Laurentide ice sheet results in a considerably different response in 
ocean circulation. The effect of this baseline flow is stronger than the effect of the adjusted 
boundary conditions in the experiments described above. However, the comparison 
between the pre-industrial ocean circulation response and early-Holocene response shows 
that in addition to the baseline flow from Chapter 3, also the supplementary boundary 
conditions are important for a realistic simulation of the 8.2 ka event.
6.6 Future research and recommendations
Although this thesis contributed to a better understanding of the character and causes 
of the 8.2 ka event, of course there are other avenues to explore. In addition, as often in 
research, in the course of finding answers new questions appeared. Here I will provide 
some recommendations for proxy-based future research on the 8.2 ka event:
The volume of the freshwater that was released during the 8.2 ka BP is one of the 
essential pieces for realistically modelling the 8.2 ka event. Although thorough 
research has already been performed on the extent of the lakes, coming to an 
independent quantification of the volume is important. Investigating the sea-level 
jump (or jumps) that the draining of the Laurentide Lakes must have caused may 
provide answers (cf. Törnqvist et al., 2004). Settings from which this jump might 
be reconstructed are river deltas sensitive to sea level changes, or coral reefs that 
had to adjust to the sudden sea-level rise.
Related to the first point: knowing the sequence of events preceding the event 
is essential for realistically simulating the 8.2 ka event, and for increasing our 
understanding of the sensitivity of the early Holocene ocean circulation. Research 
could focus on the question whether the Laurentide Lakes drained in one, two or 
more stages, and what the share of icebergs from the Laurentide ice sheet was in 
terms of meltwater volume. In this case, for instance studies on sea-surface salinity 
in the Hudson Strait and Labrador Sea may provide answers.
Increasing the density of paleoclimate reconstructions in areas that are as yet 
undersampled will provide a more reliable reconstruction of the geographical 
distribution of the 8.2 ka event. Especially reconstructing the response in the 
Southern Hemisphere provides a great possibility to improve our understanding of 
the bipolar-seesaw and of the 8.2 ka event in the light of other Holocene climate 
events.
The response of deep ocean circulation during the 8.2 ka event is still not without 
debate and several records show inconsistent responses. The North Atlantic has 
a very complex and dynamic circulation on decadal to multi-decadal timescales, 
and modern observations do not support the notion that all of this variability can 
be associated with a single variable (such as the overturning streamfunction in 
models). Because many answers about the 8.2 ka event are hidden in the deep-
ocean circulation response, unraveling this deep ocean circulation response is 
essential.
●
●
●
●
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One of the most obvious recommendations for future research on the 8.2 ka event 
is to increase the resolution of paleoclimate records, and improve the age-control. 
This way the variation in shape of the event at different locations can be assessed 
which provides important information on the evolution of the event in space and 
time. Perhaps also reanalysis of proxy-records in higher resolution for the 8.2 ka 
BP part will provide information on the evolution of the event at individual sites.
To provide a solid framework for validating climate models, the integration of 
individual proxy records into spatial networks is interesting. This will be a 
challenging task, due to problems in chronology, differences in time resolution, 
biasing in spatial sampling etc.
Recommendations for future modelling studies are:
More simulations of the 8.2 ka event with comprehensive AOGCMs should be 
attempted. The event is an ideal test case for an AOGCM model intercomparison 
that is based on a realistic climate forcing. Also the response of the low-latitude 
climate on changes in North Atlantic Ocean circulation can be better investigated. 
The two-stage lake drainage scenario could be analyzed further in climate models, 
for instance the possibility of pre-conditioning of the ocean by the first lake 
outburst. 
More models should be equipped with an isotope module and other modules that 
predict the behavior of proxies (forward modelling). Forward modelling studies 
improve the interpretation of proxies drastically, and have for instance already 
provided an explanation for the absence of the event in North Atlantic stable isotope 
records (LeGrande et al., 2006). 
In relation to the previous point: the 8.2 ka event is an ideal test case for the response 
of 14C in the atmosphere to ocean ventilation changes. Therefore, comprehensive 
models should be equipped with a 14C module that simulates the accumulation 
of 14C in the atmosphere with reduced ocean ventilation caused by a freshwater 
perturbation. This could provide information to disentangle the response of 14C in 
the atmosphere to solar induced changes and to ocean ventilation changes.
To investigate the route of the salinity anomaly associated with the freshwater pulse, 
simulations of a freshwater pulse from the Hudson Strait should be performed in 
high-resolution ocean models that resolve western boundary surface currents. 
Because the salinity anomaly may follow a narrow pathway, these experiments 
could help to understand why only a few sites show a freshening of surface waters 
around the 8.2 ka event. 
●
●
●
●
●
●
●
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